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20 世紀は有機合成化学にとって光と影の歴史であった。有機合成化学は Friedrich Wöhler 








による環境負荷の低減等に、積極的に取り組む必要がある。5 有機合成化学の誕生から 200 
年を迎えるまでに明らかとなった問題ですら回避することができなければ、有機合成化学
が今後わずか数百年の中で破綻を迎えることは自明であるといえる。(Figure 1)6  
 
 












































1959 年、Wacker−Chemie 社と Hoechest 社は二種類の触媒の存在下、酸素を酸化剤とす
る触媒的なアルケンの酸化プロセスが進行することを報告した。13 特にエチレンからアセ









アルデヒド生産量の 85% を Wacker−Hoechest process が占めている。14 さらに、生成物の
アセトアルデヒドについても酸素酸化による過酢酸を経由した酢酸への変換法が工業的に
利用されているなど、15 エチレンと酸素酸化の関わりは深い (Scheme 1)。 
 
 














酸化することに成功した本手法の価値は高い (Scheme 2)。 
 
 






























年の Hock と Lang らによる、酸触媒を用いたクメンヒドロペルオキシドのフェノール及
びアセトンへの分解反応の発見である。22 彼らの発見に基づいて開発されたクメン法は、① 






























還元型反応の有用性を高く示している (Scheme 5)。27 
 
 
Scheme 5. Redox hydration of alkenes with oxygen. 
 




① 複数の電子伝達体を介した電子伝達系の導入 (Schemes 1 and 2) 
② 被酸化性の高い反応基質及び活性種の利用 (Schemes 2−4) 


















抗酸化物質が挙げられる (Table 1)。30 
  








































することでこれらの問題の解決を試みた (第一節、二節及び四節)。36−38  Fe(Pc) を組み込ん
だ電子伝達系を形成し、有機ホスフィンやヒドラジンのような酸化されやすい化合物を被
酸化対象とすることで円滑に酸素酸化反応が進行した。特に、新たに開発したヒドラジン触
媒については、その性質や反応性を酸素酸化反応 (第三節) 及び量論量条件の光延反応 (第
五節) を土台として系統的に調べた。39,40これらの詳細については、本論中において述べる





Figure 4. Redox condensation with oxygen. 
 
(B) 酸素原子を生成物内に取り込む反応 
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が進められている反応である (Figure 1)。4 
 
 
















の大量の廃棄物の発生を避けることができないのが主な欠点である (Figure 2)。 
 
 











考えた (Figure 3)。 
 
 
Figure 3. Concept of this chapter. 
 
仮定に基づき、3-フェニル-1-プロパノール (1a) に対して、4-ニトロ安息香酸 (2a) を
1.1 当量、Fe(Pc) 5.0 mol% 及びトリフェニルホスフィン 2.0 当量を THF に溶解させ、空気
15 
 










始めに、Scheme 1 の条件を基にして、反応溶媒の最適化を行った (Table 1)。THF (bp: 65°C) 
















とがわかった (Entry 2)。次に N,N-ジメチルアミノピリジン (DMAP) (4b) を用いて反応を行
ったところ、14 同様に収率の低下が見られた (Entry 3)。一方で 4a の酸化体であるピリジ
ン-N-オキシド (4c) を用いた場合に収率の大幅な向上が確認された。しかし、同様に 4b の
酸化体である DMAP-N-オキシド (4d) を用いて反応を行ったところ、15 4b を用いた場合に
比べて収率は向上したが、4c を用いた場合と比べた場合は収率が低下した (Entry 4)。これ
らの結果から窒素上の非共有電子対が鉄触媒に悪影響を及ぼしていると考え、4d のジメチ
ルアミノ基を同じく芳香環への強い電子供与基であるメトキシ基に変えた 4-メトキシピリ
ジン-N-オキシド (4e) (MPO) を用いたところ、大幅な収率の向上が見られた (Entry 5)。一
方で、2,4-ジメトキシピリジン-N-オキシド (4f) を用いて反応を行ったところ、収率の低下
が見られた (Entry 6)。4e と比較してオルト位のメトキシ基による立体障害の影響が大きい
ことが考えられる。これらの結果により、MPO (4e) を添加剤として用いることとした。 
 







続いて、酸化触媒に関する最適化を行った (Table 3)。Fe(Pc) よりも酸化数の高い三価の
フタロシアニン鉄錯体である FeCl(Pc) を用いて反応を行ったところ、Fe(Pc) と同等の反応
性を示すことが明らかとなった (Entry 2)。この結果は、Fe(Pc) を用いた場合にも三価の酸
化状態を経由する触媒サイクルが形成されている可能性を示している。フタロシアニン環
以外の配位子として、テトラフェニルポルフィリン環 (Tpp) を有する鉄錯体 FeCl(Tpp) を
用いた場合には、反応はほとんど進行しなかった (Entry 3)。16 続いて、配位子をフタロシア
ニンに固定して中心金属を様々に置き換えた酸素酸化触媒を用いて反応を行ったが、いず
れもほとんど反応が進行しなかった (Entries 4−12)。17 これらの結果により、Fe(Pc) を最適
酸化触媒として用いることとした。 
 












(Entry 3)。さらに、反応濃度を 0.25 M から 0.50 M に変えて反応を行った場合にも、同様
に収率の低下が見られた (Entry 4)。これらの結果により、以降の実験は空気中、溶液濃度 
0.25 M、還流条件 (82°C) で行うこととした。 
 







れも良好な収率で目的物のエステル体 3aa−fa が得られた (Entries 1−6)。続いて二級アルコ
ールを用いて反応を行ったところ、生成物 3ga−ia は得られたものの、一級アルコールを用
いた場合に比べ若干の収率の低下がみられた (Entries 7−9)。さらに、立体障害の影響が比較
的大きな三級アルコールを用いた場合、生成物 3ja はほとんど得られなかった (Entry 10)。
また、立体中心を有する二級アルコールを用いた場合に、基質の立体化学が保持された生成





















































性化されたアルコキシホスホニウムイオン中間体 (X) と、21 カルボン酸側が活性化された
アシロキシホスホニウムイオン中間体 (Y) の二つが想定される (Figure 4)。16 アルコキシホ
スホニウムイオン中間体 (X) からは SN2 反応経由での生成物が、アシロキシホスホニウム
イオン中間体 (Y) からはアシル転移を経由した生成物が、それぞれ発生すると考えられる。 
 





ていることを証明するため、18O で標識された 3-フェニル-1-プロパノール (1a’) 及び 4-ニ
トロ安息香酸 (2a’) を用いて同位体標識実験を行った (Scheme 2)。 
18O によって標識された基質からなる五価ホスフィン中間体からは、求核剤の攻撃により
18O を含むトリフェニルホスフィンオキシドが生成すると考えられる。これらの仮説に基づ
き実験を行ったところ、18O で標識された 3-フェニル-1-プロパノール (1a’) を用いて実験
を行った際のトリフェニルホスフィンオキシドには 18O はほとんど含まれず、全て生成物
に取り込まれていた。一方で、18O で標識された 4-ニトロ安息香酸 (2a’) を用いた場合に
発生するトリフェニルホスフィンオキシドには 18O が多く含まれることが確認された。以
上の結果から、本反応はカルボン酸側がトリフェニルホスフィンにより活性化され、アシロ









構を次の様に考察した (Schemes 3 and 4)。本反応は、酸素酸化触媒と酸素による高活性なト
リフェニルホスフィンカチオンラジカルの発生段階と、五価ホスフィンを利用した酸化還
元縮合反応段階に大別出来る。 
二価の Fe(Pc) は反応系中において、溶媒分子や MPO (4e) 等の配位性化合物と錯体を形
成した後、分子状酸素の一電子酸化により三価の鉄錯体 A を生じる。22 さらに、続く分子
状酸素の一電子酸化により、三価のフタロシアニン鉄カチオンラジカル B を生じる。23 こ
れがトリフェニルホスフィンを一電子酸化することにより、トリフェニルホスフィンカチ
オンラジカル C を発生させていると考えられる。24 ホスフィンの一電子酸化後は鉄錯体 A 





 Scheme 3. Plausible mechanism. 
 
発生した高活性なトリフェニルホスフィンカチオンラジカル C は酸素酸化によって五
価ホスフィン D を発生させる。25 D は他の酸化還元縮合反応と同様に、カルボキシラート
イオンと反応することで、アシロキシホスホニウムイオン中間体 Y を生じさせる。26 Y は
アシル転移機構でアルコール 1 と反応することで直接的にエステル 3 を生成させるか、
もしくは一度酸無水物 5 を経由した後に間接的にエステル 3 を生成させると考えられる。
27 また、本反応は過剰量のトリフェニルホスフィンを必要とすることから、上に示した反応
機構とは別に、五価ホスフィン D からトリフェニルホスフィンオキシドのみが生成する副
反応の存在が考えられる (Scheme 4)。28 
 
 
Scheme 4. Plausible mechanism. 
26 
 






の反応条件に対して、2-メチル-6-ニトロ安息香酸 (2v) を 10 mol% 加えて反応を行ったと
ころ、目的のエステル体 3as を 81% の収率で得た。同じ 3as を目的物とした Table 6 に




Scheme 5. Improved method of catalytic redox condensation. 
 
 同様に、電子供与性基を有する芳香族カルボン酸や他の脂肪族カルボン酸などに関して
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ート  (DEAD) の様なアゾ（光延）試薬を酸化剤、三価ホスフィン試薬を還元剤として用い

















Figure 1. Original Mitsunobu reaction.  
 
2006 年に Toy らは、犠牲酸化剤としてヨードベンゼンジアセテート (PIDA) を量論量用
いることで、光延試薬を触媒量に低減することに成功した触媒的光延反応を初めて報告し


















Figure 3. Concept of catalytic Mitsunobu reaction by aerobic oxidation. 
 
この仮定に基づき、最初に Fe(Pc) と空気中酸素によって光延試薬の再生が可能であるか
についての予備実験を行った。10 ジエチルヒドラジンカルボキシラート (1) に対してFe(Pc) 
10 mol% を THF に溶解させ、空気中、室温条件で撹拌を行ったが、目的のアゾ化合物であ

















Scheme 2. Oxidation of ethyl 2-phenylhydrazinecarboxylate. 
 
次に、得られた 4a を量論量用いて光延反応の検討を行った (Scheme 3)。 (－)-(S)-乳酸エ
チル (5a) に対して 3,5-ジニトロ安息香酸 (6a) 1.1 当量、4a 1.5 当量、トリフェニルホスフ
ィン 1.5当量の混合物を THF に溶解させ、窒素雰囲気下、室温条件で撹拌を行ったところ、









Scheme 3. Mitsunobu reaction with 2-phenylazocarboxylate. 
 
上記の仮説に従い、(－)-(S)-乳酸エチル (5a) に対して、3,5-ジニトロ安息香酸 (6a) 1.1 当
量、3a 10 mol%、Fe(Pc) 10 mol%、トリフェニルホスフィン 2.0 当量の混合物を THF に溶解
させ、空気中、還流条件下 (65°C) で攪拌したところ、当量反応の結果とは異なり生成物 7a 
は全く得られなかった (Scheme 4)。 
 
 
Scheme 4. First trial of catalytic Mitsunobu reaction. 
 
そこで、添加剤や反応濃度などに関する数々の予備実験を行ったところ、THF (0.50 M) 中、
活性化したモレキュラーシーブ 5A を添加剤として用いることにより、低収率ではあるが目




の 11% 程度であり、残りの 89% は立体保持体 (retention) であった。 
 
 






本触媒反応に用いるヒドラジン化合物 3 の最適化を、Scheme 5 で示した反応条件下で行っ
た (Table 1)。まず、芳香環上のパラ位における置換基効果の検討を行った (Entries 1−6)。ク
ロロ基、ブロモ基及びニトロ基などの電子求引性基を有する光延試薬 3c−e を用いた場合に
は、選択性と収率の向上が確認された (Entries 3−5)。一方で、電子供与性のメトキシ基を有









続いて、オルト位における置換基効果を検討した (Entries 10 and 11)。電子求引性基とし
てフルオロ基を有する光延試薬を用いて検討を行ったところ、パラ位にフルオロ基を導入
した検討 (Entry 2)に比べて、若干の反応性の向上が見られた (Entry 10)。一方で、オルト位
にクロロ基を有する光延試薬を用いて検討を行ったところ、立体障害の影響により、パラ位
に導入した場合に比べて収率の低下が見られた (Entry 11)。 
ここまでの触媒検討の中で、クロロ基を有する光延試薬用いた場合に最も反応性が良か
ったため、次にクロロ基を二つ有する光延試薬の検討を行った。メタ位にクロロ基を二つ有
する、エチル 2-(3,5-ジクロロフェニル)ヒドラジンカルボキシラート (3l) を用いて検討を
行ったところ、反応性の向上が確認された (Entry 12)。続いて、メタ位とパラ位に一つずつ
クロロ基を有する、エチル 2-(3,4-ジクロロフェニル)ヒドラジンカルボキシラート (3m) を
用いた場合に、大幅な収率の向上とほぼ完璧な立体選択性で、目的の立体反転体を得ること
ができた (Entry 13)。 
一方で、ウレア基を有するピペリジル (3,4-ジクロロフェニル)ヒドラジンカルボキサミド 









Table 1. Effect of hydrazine catalysts. 
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・反応条件の最適化 (酸化触媒)  
 
次に、酸化触媒の検討を行った (Table 2)。Fe(Pc) の代わりにテトラフェニルポルフィリ
ン鉄クロリド [FeCl(Tpp)] を用いて検討を行ったところ、収率及び選択性共に反応性の低下
が確認された (Entry 2)。次に、フタロシアニン配位子を持つ別の金属触媒を用いて実験を
行った。フタロシアニンコバルト [Co(Pc)] 、フタロシアニン銅 [Cu(Pc)] 及びフタロシアニ
ンマンガン [Mn(Pc)] を用いて反応を行ったところ、いずれの場合もほとんど生成物を得る
ことができなかった (Entries 3−5)。これらの結果により、以降の検討では Fe(Pc) を酸化触
媒として用いることとした。 
 



























な収率で対応する生成物 7b 及び 7c を得た (Entries 1 and 2)。光延反応では、ある程度高
い酸性度を有していれば、カルボン酸以外の求核剤を用いることも可能であることが知ら
れている。16 そこで、一級アルコールとカルボン酸以外の酸素および窒素求核剤を用いて反
応を行ったところ、目的の光延成績体 7d−gが得られることがわかった (Entries 3−6)。次に、
二級アルコールである (－)-(S)-乳酸エチルと、求核剤として 4-ニトロ安息香酸を用いて反
応を行ったところ、中程度の収率ではあるが、高い立体選択性で立体化学が反転した生成物 
7h が得られた (Entry 7)。続いて、乳酸エチル以外の二級アルコールと求核剤として 3,5-ジ
ニトロ安息香酸を用いて検討を行ったところ、いずれも首尾よく反応が進行し生成物 7i−m 
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最初に反応溶媒の影響について調べた (Table 1)。基本条件として、エチル 2-フェニルヒド
ラジンカルボキシラート (1a) に対して、Fe(Pc) 10 mol% を各種溶媒に溶解させて、空気中、
室温条件下にて攪拌を行った。THF を用いた検討は、第二節において既に行っているが (第
一章第二節、Scheme 2)、反応スケールを 1.0 mmol スケールから、0.2 mmol スケールに、
反応濃度を 0.25 M から 0.20 M に変更して改めて反応を行ったところ、やはり反応終了ま
で 24 時間程度を要しアゾ化合物 2a が 77% の収率で得られた (Entry 1)。同じエーテル系
溶媒として CPME 及び MTBE を用いて反応を行ったところ、CPME を用いた場合には若

















続いて、Fe(Pc) の触媒量が本反応に与える影響について調べた (Table 2)。Fe(Pc) の使用
量を 10 mol%から 5.0 mol%, 2.0 mol% 及び 0.5 mol% と低減するにつれて、反応時間の延
長が確認された (Entries 1−4)。収率に関しては、0.5 mol% の触媒量にて反応を行った際に
のみ、大幅な低下が見られた (Entry 4)。一方で、触媒量が 5.0 mol% の場合でも、良好な











続いて、酸化触媒の最適化を行った (Table 3)。最初に、Fe(Pc) よりも酸化数の高い三価
のフタロシアニン鉄である FeCl(Pc) を用いて反応を行ったところ、Fe(Pc) と同等の反応性
を示すことが明らかとなった (Entry 2)。この結果は、Fe(Pc) を用いた場合にも三価の酸化
状態を経由する触媒サイクルが形成されている可能性を示している。一方で、同じ三価の鉄
化合物であるが配位子の異なる、テトラフェニルポルフィリン鉄 [FeCl(Tpp)] を用いた場合




タロシアニン銅 [Cu(Pc)] 及びフタロシアニンマンガン [Mn(Pc)] を用いて反応を行ったと
ころ、Co(Pc) 及び Cu(Pc) を用いた場合には、反応は全く進行しなかった (Entries 5−7)。一
方で、Mn(Pc) を用いた場合には Fe(Pc) を用いた場合と比べて反応時間の延長が見られる
ものの、第二節の触媒的光延反応の場合と異なり (第一章第二節、Table 2, Entry 5)、目的の
アゾ化合物 2a が高収率で得られることを確認した (Entry 5)。また、最近報告された Jiao 
らの手法に倣い、10 ピリジン−臭化銅錯体を用いて反応を行ったところ、原料は完全に消失
するものの副生成物の発生が伴うため、目的物 2a の収率は中程度に収まった (Entry 8)。
最後に、対照実験として酸化触媒を用いずに反応を行ったところ、生成物は一切確認されな















も同様の反応性を示し、良好な収率で対応するアゾ化合物 2b-d を与えた (Entries 1−3)。一
方で、カルバメート部位を tert-ブチル基に変えた場合には、目的物 2e は得られるものの反
応時間の延長が確認された (Entry 4)。続いて、アシルフェニルヒドラジン類縁体を用いて
反応を行ったところ、アシル部位にフェニル基及び tert-ブチル基を有する場合、高い収率
で対応する目的物 2f 及び 2g が得られることがわかった (Entries 5 and 6)。しかし、アシル
部位にイソプロピル基を持つ基質を用いた場合は、目的物 2h を単離することができなか
った (Entry 7)。これは、精製の際に 2h が加水分解を受けることが原因であると考えられ
る。3 そのため、反応混合物の 1H NMR を測定することによって生成物の収率を求めたと
ころ、他のアシルフェニルヒドラジン類縁体と同様の反応性で反応が進行していることが
明らかとなった。また、電子求引性基としてトシル基を有する基質を用いて反応を行ったと













劇的に反応時間が短縮された上、より高い収率で生成物 2ah が得られることがわかった 











2aa−ae を得た (Entries 27−31)。また、本酸化反応はアゾベンゼン 2af の合成にも適用可能


















いる Pifferi らの手法の追試験を行うこととした (Table 5)。8 最初に、無置換体や弱い電子求
引性基として芳香環上のパラ位にクロロ基を有する基質 1a 及び 1o を用いて反応を行った
場合には、Fe(Pc) を用いた場合と同様の反応性を示し、目的の生成物 2a 及び 2o を収率良
く与えた (Entries 1 and 2)。一方で、強い電子求引性基として芳香環上のパラ位にニトロ基
を有する基質や、芳香環上の二箇所がクロロ基で置換された基質 1r 及び 1ab を用いた場
合では、対応する目的物 2r 及び 2ab は得られるものの、開始から 48 時間後においても反
応が完結しなかった (Entries 3 and 4)。以上のように、2-アリールヒドラジンカルボキシラー
ト誘導体の酸素酸化反応においては、触媒として 10% Pd-C よりも Fe(Pc) を用いた場合の
方が、基質の電子密度の影響が少なく、幅広い基質に対する適用性を持つことが示された。
これらの結果は、Fe(Pc) と 10% Pd-C では異なる反応機構で酸素酸化が進行していること
を示唆している。 
 









た。反応基質であるヒドラジン化合物 1a (200 mM) に対して、Fe(Pc) (10 mM) を重クロロ




Scheme 2. Standard conditions of kinetic experiments 
 
10 分毎に反応溶液のサンプリングを行い、セライト濾過によって Fe(Pc) を除去した濾
液の 1H NMR を測定した。アゾ化合物 2a の定量はジメチルスルホンを内標準物質として
用いることで、各時間における 2a の生成量を積分値から算出した。横軸に時間、縦軸に 
2a の収率をプロットした結果、反応は約 4 時間で終結し、時間と収率の間に明確な直線関
係が得られた。これは反応速度が反応基質 1a の濃度に依存しない零次反応であることを
示すものである (Figure 4)。 
 
 
Figure 4. Zero-order kinetic plot of the reaction of aerobic oxidation of ethyl 2-






が知られており、13 これは酵素触媒反応における Michaelis−Menten model に相当する。こ
の零次反応が saturation kinetics に基づくものであることを確認すべく、反応基質の初濃度
とアゾ化合物の生成速度の関係性について調べた。Scheme 2 の反応条件から、ヒドラジン
化合物 1a の初濃度を様々に変えた条件で実験を行い (20−300 mM)、3 分後の生成物の濃
度を算出した。横軸に反応基質 1a の初濃度を、縦軸に 3 分後の 2a の溶液濃度をプロッ
トしたところ、基質の初濃度が低い場合には 3 分後の 2a の溶液濃度と基質初濃度との間
に相関が確認されたが、基質初濃度が高くなるにつれて次第に相関が見られなくなった 
(Figure 5)。この傾向は、Michaelis−Menten model と類似しており、この触媒的な酸化反応
が saturation kinetics で進行しているために零次反応を示すことを強く支持する。 
 
 
Figure 5. Saturation kinetic plot of the reaction of aerobic oxidation of ethyl 2-
phenylhydrazinecarboxylate (1a) (20−300 mM) with Fe(Pc) (10 mM) in CDCl3 at 22°C 
 
続いて、Fe(Pc) の触媒量とアゾ化合物の生成速度の関係性を調べた。Scheme 2 の反応条
件から、 Fe(Pc) の触媒量を様々な条件で検討を行い (0.5−20 mM)、10 分後の生成物の濃度
を算出した。横軸に Fe(Pc) の触媒量を、縦軸に 10 分後の 2a の NMR 収率をプロットし
た。得られたプロットから、反応系中における Fe(Pc) の濃度と 2a の生成速度の間に明確
な直線関係が確認された (Figure 6)。この結果は、Michaelis−Menten model と同様に反応速





Figure 6. Saturation kinetic plot of the reaction of aerobic oxidation of ethyl 2-




オートクレーブ中において、Scheme 2 の反応条件下、1 atm から 3 atm 及び 5 atm といく
つかの圧力条件下において反応を行い、20 分後の生成物の濃度を算出した。結果として、
アゾ化合物 2a の生成速度と酸素圧の間に明確な相関は観察されなかった (Table 6)。しか
し、Figure 6 の空気中 (ca. 0.2 atm) で反応を行った場合には、酸素 1 atm  条件 (Entry 1) よ
りも 20 分後における 2a の NMR 収率は明らかに少なかったことから、酸素圧が 1 atm 
の条件下では、すでに反応速度が飽和していることが考えられる。これまでのところ、1 atm 
以下における酸素圧の影響を詳細に調査するまでには至っていないが、今回の結果は基質
と Fe(Pc) の複合体形成と同様に、酸素分子と Fe(Pc) の複合体形成過程も極めて早い事を
示唆している。 
 
Table 6. Effect of oxygen pressure. 
 
 









(Figure 6) と同じ反応条件を用いて、アゾ化合物 2 の経時的な NMR 収率を追跡した。 
パラ位に様々な電子求引性基及び電子供与性基を有するエチル 2-アリールヒドラジンカ




かな反応速度定数 kobs の増加が観測された (Table 7)。一般的なイオン性反応であれば、
Hammett 則の置換定数 σ＋ と反応速度定数 kobs には相関が見られ、仮にカチオン性中間体
を想定した場合には、σ＋ 値が高い置換基ほどカチオン性中間体を不安定化するため、反応















一方で、4-シアノ体 2q 及び 3,4-ジクロロ体 2ab を用いた反応に対しても同様の速度
論解析を行ったところ、これらの基質を用いた場合には明確な直線関係が得られず、零次
反応に従わなかった (Figure 7)。したがって、零次反応を基盤とした先述の解析手法で
は、4-シアノ体 2q 及び 3,4-ジクロロ体 2ab の反応速度を厳密に比較することはできな
かった。この理由として、基質の持つ窒素上の Lewis 塩基性が過度に低下したことによ
り、鉄触媒との複合体形成が遅くなったことが考えられる。複合体形成過程が不可逆反応






Figure 7. Pre-equilibrium kinetic plot of the reaction of aerobic oxidation of ethyl 2-
Arylhydrazinecarboxylates (1) (200 mM) with Fe(Pc) (10 mM) in CDCl3 at 22°C (A) ethyl 2-(3,4-
dichlorophenyl)hydrazinecarboxylate (1ab), (B) ethyl 2-(4-cyanophenyl)hydrazinecarboxylate (1q). 
 
Table 4 において、オルト位に置換基を有する基質 1w−z では、立体障害の影響と見ら
れる反応速度の低下が観察されたことから、立体障害によって基質と触媒との複合体形成
が遅くなることで saturation kinetics に従わなくなるものと予想された。しかし、実際に 
1w  の速度論解析を行ったところ、予想と反して零次反応の傾向を示し、saturation 
kinetics に従うことが確認された (Figure 8)。これは、基質と触媒の複合体形成自体はオル
ト位の置換基によって阻害されない事を示している。 
一方で、プロットから得られた反応速度定数 (kobs = 0.24 × 10-3 M·min1) は予想されたと













Figure 8. Saturation kinetic plot of the reaction of aerobic oxidation of ethyl 2-(2-





のフタロシアニン鉄 FeCl(Pc) 及び二価の Fe(Pc) との間に反応性の違いが見られなかった
ことから、本反応は三価の Fe(Pc) 錯体が主体となる触媒サイクルを形成していると考えら



























の酸化条件に対して、1.1 当量の  2-フェネチルアルコール、及び乾燥剤としてモレキュ
ラーシーブ 5A を加え、原料が消失するまで攪拌を行ったところ、基質 1ag 及び 1ah か
ら目的のアシル化体 3a 及び 3b をそれぞれ良好な収率で得た (Scheme 8, eq. A)。続い
て、アミンのアシル化によるアミド化合物の合成を試みようとしたが、アミンの配位によ
る反応系中での Fe(Pc) の失活が見られたため、アシルアリールヒドラジド類縁体の酸素
酸化が完了した後に p-ブロモアニリンを加える手法に変更したところ、基質 1ag 及び 















業を一切行わずに、開放系条件にてエチル 2-フェニルヒドラジンカルボキシラート 1a の
酸素酸化を行ったところ (Scheme 9)、原料は短時間にて消失し、生成物 2a に由来するス
ポットを TLC 上にて確認した (Figure 9, eq. A and C)。反応終了後、セライト濾過を行っ
たところ、Fe(Pc) に由来する青色成分が完全に除去できることを目視で確認した (Figure 
9, eq. B)。さらに、濾液を濃縮して得られた固体を 1H NMR を用いて測定したところ、シ
リカゲルカラムクロマトグラフィーによる精製作業を行わなくとも、ほぼ純粋な目的物 
2a が得られることを確認した (Chart 1)。 
 
 





Figure 9. Pictures of the typical experiment using practice method 
(A) Reaction mixture in an open flask. (B) Raction mixture after filtration through Celite®. (C) TLC 
after 6 h (left: reaction mixture, right: starting material). 
 
 





んどの場合、基質を 0.2 mmol 用いて行っているが、今回は 1.0 g スケールとして基質量






スケールとほぼ同等の反応時間において、目的物 2a を高収率で得ることができた。 
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Michael 受容体としての性質が乏しいことが知られている (Figure 1)。 
 
 























1)。反応条件として、(－)-(S)-乳酸エチル (2a) に対して、4-ニトロ安息香酸 (3a) 1.1 当量、
1a 10 mol%、Fe(Pc) 10 mol%、トリフェニルホスフィン 2.0 当量、加熱乾燥させたモレキュ
ラーシーブス 5A を各種溶媒中で混合し、空気中、65°C で攪拌を行った。THF 及び 1,4-ジオ
キサンと比較して極性の低い CPME 及び MTBE、極性の高い DME の五種類のエーテル
系溶媒を用いて比較実験を行ったところ、比較的極性の低い CPME 及び MTBE を用いた場
合に収率の向上が確認された (Entries 1−5)。一方で、極性の高いアセトニトリルを用いた場





ことが示唆された (Entry 10)。6 続いて、無極性溶媒としてヘキサン及びトルエンを用いて
検討を行ったところ、いずれも収率、立体選択性共に良好な反応性を示すことが確認された 















 次に、乾燥剤の効果について詳細な実験を行った (Table 2)。乾燥剤として一般的に用い
られる無水硫酸塩を用いて反応を行ったところ、生成物は全く得られなかった (Entries 
1−3)。続いて、空孔サイズの異なるモレキュラーシーブス 3A、4A 及び 5A を用いて比較
実験を行ったところ、モレキュラーシーブス 5A を用いた場合に最も良好な結果が得られ
た (Entries 4−6)。7 また、基質 1.0 mmol に対するモレキュラーシーブス 5Aの使用量を 
100, 300, 500 及び 1000 mg に変えて比較検討を行ったところ、300 mg 以上用いた場合に
収率良く反応が進行することが明らかとなった (Entries 6−9)。1000 mg 用いた場合に最も
反応性が向上するものの、500 mg 用いた場合と比較して収率は大きく変わらないことか

















モレキュラーシーブス 5A の活性化を行ったが、依然、収率は低いままであった (Entries 




















て、反応時間及び収率の観点から、以降の検討は 4.0 M 条件にて行うこととした。 
 






次に、トリフェニルホスフィン、Fe(Pc) 及びヒドラジン化合物 1a の試薬量が反応に与
える影響を調べた (Table 5)。始めに、トリフェニルホスフィンを 2.0 当量から 1.5 当量及
び 1.1 当量に抑えて検討を行ったところ、1.1 当量の場合には収率の低下が確認されたもの
の、 1.5 当量では問題無く反応が進行した (Entries 1−3)。続いて、トリフェニルホスフィン
の使用量を 1.5 当量に固定し、Fe(Pc) の触媒量を 10 mol% から 5.0 mol% 及び 1.0 mol% 
に抑えて検討を行ったところ、触媒量の減少と共に若干の収率の低下は見られるものの良
好な反応性を示した (Entries 4 and 5)。一方で、トリフェニルホスフィンを 2.0 当量用いる
条件下、 Fe(Pc) の試薬量を 10 mol% から 1.0 mol% に抑えた場合は、ほとんど反応性の
変化は見られなかった (Entry 6)。続いて、ヒドラジン化合物 1a の試薬量を 10 mol% から 
5.0 mol% 及び 3.0 mol% に抑えて検討を行ったところ、 Fe(Pc) を減らした場合と比較して
大きな収率の低下が見られた (Entries 7−9)。 
これらの結果から、(－)-(S)-乳酸エチル (2a) および 4-ニトロ安息香酸 (3a) を基質とし
て用いた場合には、トリフェニルホスフィンは 1.5 当量、Fe(Pc) は 1.0 mol% まで使用量を
抑えられることが確認されたが、今後幅広い基質に対しての適用性検討を行うにあたって、
以降の検討の反応条件としては、基本的にトリフェニルホスフィン 2.0 当量、Fe(Pc) 10 mol% 
及びヒドラジン化合物 1a 10 mol% を用いることとした。 
 














験を設定した。実際には、アゾ化合物 5 (50 mM) に対して、過剰量のトリフェニルホスフ
ィン (500 mM) 及び水 (500 mM) を THFに溶解させ、25°C 条件下、石英セル内にて反応
を行った (Scheme 1)。5 の吸収スペクトル (λ = 420−450 nm) を UV検出器で測定し、予め
作成した検量線を用いて各時間における 5 の濃度を算出することで、5 の濃度の経時変化
を追跡した（便宜上、最初の測定を 0 分と定義した）。 
 
 
Scheme 1. Standard condition of kinetic experiments of reactions between ethyl substituted 
phenylazocarboxylates and triphenylphosphine in the presence of water. 
 
以下に、無置換体のアゾ化合物 5b を用いて検討を行った際の結果を示す (Figure 3)。







Figure 3. Time-dependent reduction of ethyl 2-phenylazocarboxylate 
 [A] Absorption spectra at 421 nm. [B] Observed reaction rate constant 
 
また、様々な置換基を持つアゾ化合物 5a 及び 5c−h においても、無置換体 5b と同様
に擬一次反応式に従うことが示された。その際に得られた光延試薬の減少速度に関する反
応速度定数 kobs をまとめたものが、以下の表となる (Table 6)。 
 
Table 6. Observed reaction rate constant of substituted ethyl substituted phenylazocarboxylates. 
Entry X  σ kobs (10
-3 min-1) log(kX/kH) 
1 p-OMe (5c) ‒0.28 0.5 ‒1.09342 
2 p-Me (5d) ‒0.14 2.1 ‒0.47017 
3 p-H (5b) 0 6.2 0 
4 p-F (5e) 0.06 6.4 0.013788 
5 p-Cl (5f) 0.22 19.5 0.497643 
6 m-Cl (5g) 0.37 37.5 0.809668 
7 p-CN (5h) 0.71 322.4 1.716003 
8 3,4-Cl (5a) - 85.1 - 
 
アゾ化合物の芳香環上の置換基効果と、アゾ化合物の減少速度に関係性が見られたた
め、得られた 5b−h の反応速度定数 kobs を Hammett plotに適用したところ、明確な正の相
関 (ρ = +2.71) を示す直線が得られた (Figure 4)。得られた傾き ρ は、安息香酸エステル
72 
 
誘導体の塩基による加水分解の傾き ρ = +2.51 と近い値を示している。9 この結果は、ア




Figure 4. Hammett plot of substituted ethyl 2-arylazocarboxylates. 
 
第二節で見出された 1a の酸化体であるエチル 2-(3,4-ジクロロフェニル)アゾカルボキ
シラート (5a) の反応速度定数 (kobs = 8.5 × 10-2 min-1) は、無置換体 5b (kobs = 6.2 × 10-3 min-
1) と比較して約 14 倍大きな値を示した。また、メタ位の塩素原子によって強い電子求引
性の誘起効果を受けている、エチル 2-(3-クロロフェニル)アゾカルボキシラート (5g : kobs 
= 8.5 × 10-2 min-1) と比較しても 約 2.3 倍大きな値を示すことが確認された。 
第三節での酸化過程の反応追跡実験において、3,4-ジクロロ体 1a の酸化反応は 1b−f 














しくは 4-ニトロ安息香酸 (500 mM) を加えた条件下で検討を行い、5b の濃度の経時変化
を追跡した (Scheme 2)。 
 
 
Scheme 2. Standard condition of kinetic experiments for reduction of ethyl 2-arylazocarboxylate. 
 
安息香酸及び p-ニトロ安息香酸を添加した場合においても、添加しない場合 (Figure 3)
と同様に擬一次式に従うことを確認した。その際に得られたアゾ化合物 5b の減少速度に





Table 7. Observed reaction rate constant of ethyl 2-phenylazocarboxylates. 
Entry Carboxylic acid  kobs (10
-3 min-1) 
1 - 6.2 
2 X = H 7.1 





った (Table 8)。Table 5 までの検討の中で、3,4-ジクロロ体触媒 1a は (－)-(S)-乳酸エチル 
(2a) 及び 4-ニトロ安息香酸 (3a)との触媒的光延反応において、目的物 4a を定量的に与
えることが確認されている。一方で、3-フェニルプロパノールとカルボン酸以外の求核剤
としてフェノールもしくはフタルイミドを用いた場合には、目的物 4b 及び 4c は得られ
たものの、中程度の反応性に留まった。これに対して、1a と再酸化速度が同程度でかつ






引性基を有する 4-シアノ体 1h は、アゾ化合物への酸化反応が完結するまでに無置換体 
1b と同様に 5 時間近く要し、 2 時間で完結する 1a と比較して酸化過程が若干遅いこ
とが確認されている。1 一方で、トリフェニルホスフィンとの反応については Table 6 の
結果の中でも最も大きい値を示し (kobs = 3.2 × 10-1 min-1)、1a (kobs = 8.5 × 10-2 min-1) と比較
して約 3.8 倍速い。そこで、実際に 1h を用いて基質適用性の検討を行ったところ、いず
れも高収率で目的物 4a-c を得られることが確認された。しかし、生成物の光学純度が問
題となる 4a に関しては、1a を用いた場合と比較して、若干の光学純度の低下がみられ
た。次に、さらに電子求引性が強い置換基であるニトロ基を有するヒドラジン化合物 1i 
を用いて反応を行ったところ、1a 及び 1h を用いた場合と比較して、いずれの場合も 1a 
を上回る結果を与えなかった。1i のアゾ化合物 5i とトリフェニルホスフィンの反応過程
で部分的な分解挙動がNMRで確認されており、このことが収率低下の原因であると考えら
れる。以上の結果から、カルボン酸を求核剤とする場合には 3,4-ジクロロ体 1a を、カル





























ここまでの知見に基づき、基質に対して二つのヒドラジン化合物 1a 及び 1h を使い分
けながらさまざまな基質を用いて触媒的光延反応を試験した (Table 9)。アルコール (2) に
対して、求核剤 (3) 1.1当量、ヒドラジン化合物 (1a or 1h) 10 mol%、Fe(Pc) 10 mol%、トリ
フェニルホスフィン 2.0 当量、モレキュラーシーブス5A の混合物にトルエンを加え、空
気中、室温条件下にて攪拌することを基本条件とした。まず、一級アルコールとカルボン
酸間での反応を行ったところ、10 いずれも良好な収率で対応する生成物 4d−h を得た 
(Entries 1−5)。次に、一級アルコールとカルボン酸以外の酸素、窒素及び硫黄求核剤を用い
て反応を行ったところ、一部溶解性の悪い基質に対しては若干の希釈条件もしくは加熱条
件を必要としたが、概ね良好な収率で対応する生成物 4b, 4c 及び 4i−m を得た (Entries 
6−12)。また、本反応系は酸化条件下で進行するが、一般的に酸化に弱いとされる基質を用





られた (Entry 17)。11 一方で、一般的に環化反応が不利とされる八員環アミド 4r の合成
では、反応濃度を 0.01, 0.05 及び 0.5 M と様々に変えて反応を行ったが、いずれも中程度
の収率におさまった (Entry 18)。12 次に、二級アルコールである (－)-(S)-乳酸エチルと芳
香族カルボン酸を用いた反応を行ったところ、概ね良好な収率及び立体選択性で対応する
生成物 4t−v を得られることを確認した (Entries 19−22)。一方で、脂肪族カルボン酸を用
いて反応を行ったところ、生成物 4w は得られたものの、収率及び立体選択性に関して若
干の低下がみられた (Entry 23)。条件検討の結果、反応温度を 0°C に下げて反応を行うこ
とで、立体選択性の改善が確認された。次に、乳酸エチルとカルボン酸以外の求核剤を用
いて検討を行ったところ、それぞれ中程度の収率であるが、完璧な立体選択性で対応する
生成物 4x 及び 4y を得た (Entries 24 and 25)。続いて、乳酸エチル以外の二級アルコール
と芳香族カルボン酸として 4-ニトロ安息香酸を用いて反応を行ったところ、いずれも良好
な収率で生成物 4z−ae を得ることができた (Entries 26−31)。しかし、二級アルコールの中
でも特に立体障害の影響が大きいとされるメントールを用いて反応を行ったところ、生成
物 4af は得られたものの、立体選択性の大幅な低下が見られた (Entry 32)。13 条件検討の
結果、嵩高いカルボン酸として 2-メチル-6-ニトロ安息香酸を用いることで、完璧な立体



































続いて、本反応の実用性を示すための一環として、基質 2a 及び 3a を用いたグラムスケ
ールでの反応を行った (Scheme 3)。1.0 mmol スケールでの反応と比較して反応時間の延長




を 81% 収率、目的物 4a を 88% の収率で得た。写真でも確認できるように、アゾ化合物
5a は低極性の黄色成分として目視で容易に回収することが可能であり、一般的な光延反応
の廃棄物として知られるヒドラジン化合物のように精製を妨げることは少ないと考えられ






Scheme 3. Reaction on a gram scale. 
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Figure 5. Picture of the typical experiment in 10 mmol scale
(a) Activation of MS 5Å by 












(b) The reaction mixture  
(d) Silica gel column 
chromatography (yellow 


































(c) The reaction mixture after 









































(3,4-ジクロロフェニル)ヒドラジンカルボキシラート (1a) に加えて、エチル 2-(4-シアノフ
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薬の改良研究の例は乏しい (Figure 1)。2, 5 
 
 
















合物の最適化を行った (Table 1)。反応条件として、(－)-(S)-乳酸エチル (1a) に対して、4-
ニトロ安息香酸 (2a) 1.2 当量、アゾ化合物 (3) 1.2 当量、トリフェニルホスフィン 1.2 当量
の混合物をトルエンに溶かし、窒素雰囲気下、室温条件で攪拌を行った。まず、芳香環上
に置換基を持たないアゾ化合物 3a を用いて反応を行ったところ、アルコールの立体化学
の反転を伴った目的物 4a が低収率で得られることがわかった (Entry 1)。次に、パラ位に
電子供与性基であるメチル基を有するアゾ化合物 3b を用いて検討を行ったところ、三日
間の攪拌に関わらず 4a を一切確認することができなかった (Entry 2)。これは、芳香環上
の電子密度が増したことにより、トリフェニルホスフィンの付加反応がもはや起こらない
ことが原因であると考察される。6 一方で、パラ位に電子求引性基であるハロゲン化合物 
(クロロ基、ブロモ基) を有するアゾ化合物 3c 及び 3d を用いたところ、反応性の向上が
確認された (Entries 3 and 4)。続いて、より強い電子求引性基であるシアノ基、ニトロ基を
有するアゾ化合物 3e 及び 3f を用いたところ、さらなる反応性の向上が確認されたが、
一方で立体選択性の低下も確認された (Entries 5 and 6)。続いて、3c の位置異性体であ
る、メタ位にクロロ基を有するアゾ化合物 3g を用いて反応を行ったところ、3c と比較し
て若干の反応時間の短縮が確認された (Entry 7)。ここまでの結果から、3g 以上 3e 以下
の電子求引性基を有する光延試薬の性能が良い傾向があることが認められ、これは前節で
の速度論解析の結果と矛盾しない。1 続いて、触媒的光延反応でも良好な結果を与えた、2 
エチル 2-(3,4-ジクロロフェニル)アゾカルボキシラート (3h) を用いて反応を行ったとこ
ろ、定量的に目的の立体反転体 4a が得られることがわかった (Entry 8)。これらの結果か
















続いて、いくつか溶媒を変えて本反応を試験した (Table 2)。トルエン及び THF は光延
反応の一般的な溶媒として知られているが、本反応においても良好な収率及び立体選択性
にて生成物 4a を与えた (Entries 1 and 2)。一方で、ジクロロメタン及びアセトニトリルを






















様々な求核剤を用いて反応を行ったところ、7 いずれも良好な収率で対応する生成物 4b−f 
を得た (Entries 1-5)。続いて、二級アルコールである (－)-(S)-乳酸エチルに対して、芳香
族カルボン酸の p-メトキシ安息香酸を用いて反応を行ったところ、良好な収率で目的物 
4g を得た (Entry 6)。一方で、脂肪族カルボン酸であるフェニルプロピオン酸を用いて反
応を行ったところ、対応する生成物 4h は得られたものの、収率及び立体選択性の低下が
みられた (Entry 7)。しかし、興味深いことに、比較的弱い電子求引性を持つ p-クロロ基を
有する 3c を過剰量用いることで、4h の収率及び立体選択性がともに改善されることがわ
かった。なお、これは一般的な光延試薬である DEAD を用いた場合と同等の立体選択性
であることを確認した。続いて、乳酸エチル以外の二級アルコールについて検討を行った
















は進行したものの、8 目的物の五員環アミド 2l は副生するヒドラジン廃棄物 5h と極性が
近く、シリカゲルクロマトグラフィーによる分離精製が困難であった。この反応溶液に対
して触媒量の Fe(Pc) を加え、開放条件にて攪拌を行ったところ、5h 由来のスポットが完
全に消失し、アゾ化合物 3h 由来のスポットへと変化したことを確認した。3h は目的物 
2l に比べて遥かに低極性であるため、シリカゲルカラムクロマトグラフィーによって目的
物 2l 及びアゾ化合物 3h の分取を容易に行うことが可能であった。 
 
 












核剤原料 8 種類、また大量のトリフェニルホスフィンオキシドとヒドラジン化合物 5h 
が主に含まれているはずである。この混合物をトルエンに溶解させた後に Fe(Pc) を加
え、そこで、空気を溶液中へ直接送り込みながら攪拌を行ったところ、ヒドラジン化合物 












る。また、DMEAD は扱いやすい結晶性固体であるが、熱的安定性自体は DEAD  と類似
することが知られている。4 一方で、本章において頻繁に用いられるアリールアゾカルボ
キラート類 3e 及び 3h、触媒的光延反応で用いたヒドラジン化合物 5e 及び 5h は、いず
れも取り扱いが容易な結晶性固体であった (Figure 2)。これらの化合物と DMEAD を、室
温条件にて二ヵ月間放置した後の純度を 1H NMR を用いて確認したところ、DMEADでは
分解に基づく不純物の生成が観察されたのに対して、3e, 3h, 5e 及び 5h はいずれにおいて




   
Figure 3. Pictures of the typical reagents. 
 
 
Chart 1. 1H NMR spectrum of 3h at room temperature (up) after 2 months, (bottom) before. 
 





Chart 2. 1H NMR spectrum of DMEAD at room temperature (up) after 2 months, (bottom) before. 
 
続いて、熱重量測定及び示差熱分析 (TG-DTA) を用いて、3e, 3h, 5e 及び 5h に関する
熱安定性の試験を行った (Figure 3)。はじめに、比較対象としてアゾジカルボキシラート
構造を有する DMEAD について測定を行ったところ、222.7°C において、質量損失に伴っ
た発熱的なピークが観測された。これは、DMEAD の熱安定性に関する過去の知見と矛盾
しない。4 一方で、アゾ化合物である 3e および 3h について測定を行ったところ、発熱




についての試験を行った。オートクレーブ内において、3h の重ベンゼン溶液を 200°C で 




ドラジン化合物である 5e および 5h について測定を行ったところ、5e については質量損
失に関する挙動が若干異なるものの、それぞれ 267.4°C (5e) 及び、250.3°C (5h) におい
て、質量損失に伴った吸熱的なピークが観測された。これらの結果は、非耐圧容器を用い

















Chart 3. 1H NMR spectrum of 3h after 10 min at 200°C. 
 
 












間体を経由して反応が進行することを確認するため、10 解析手段として 1H, 13C, 15N, 31P 核
種に対する 1D 及び 2D NMR 分析を用いた反応機構の解析実験を行った。アゾ化合物に
ついては、NMR 解析を容易にするために、3a の 15N 標識体である 3a-15N, 3a-15N’、 3e 
及び 3h に対応する 3e-15N, 3h-15N、さらに DEAD の標識体として di-15N-DEAD を合成し
て実験に用いた (Figure 5)。 
始めに、アゾ化合物 3h の重クロロホルム溶液に、10 当量のトリフェニルホスフィンを
加え、31P NMR による測定を行ったところ、低磁場側にベタイン中間体のものと思われる
ピークが観測された (6a: +33.9 ppm, 6e: +35.4 ppm, 6h: +34.5 ppm)。得られた 31P NMR の化
学シフト値は、DEAD に由来するベタイン構造の化学シフト値と近い値を示した (di-15N-





トへの求核付加に関する先行研究がそれほど多くはないため、12  15N 標識体を活用する 
NMR 実験で中間体の構造を厳密に明らかにすることを試みた。13  1H, 13C, 31P, 1H−1H 
COSY, 1H−13C HSQC, 1H−13C HMBC, 1H−31P HMBC, 1H−15N HMBC 及び HRMS 測定を用い
て、アゾ化合物とトリフェニルホスフィンとのベタイン形成過程を詳細に観察した。アリ
ールアゾカルボキシラート類である 3a, 3e 及び 3h の NCO 及び N-Ar 部位における 15N 
の化学シフト値はそれぞれ 107−125 ppm 及び 142−149 ppm であった。さらに、トリフェ
ニルホスフィンを加えることで生じた付加体 6a, 6e 及び 6h の化学シフト値について、
NCO 部位ではおよそ 180 ppm への低磁場シフトが観察され、一方で N-Ar 部位では 
83−90 ppm への高磁場シフトが観察された。15N NMR を用いた光延反応の機構解析はこ
れまでに報告例がないため、今回得られた化学シフト値を他の文献値と直接比較すること
はできない。比較として di-15N-DEAD を用いて測定を行ったところ、同様の傾向を示






Figure 6. 15N NMR chemical shift of 15N labeled ethyl 2-arylazocarboxylates and 15N and 31P NMR 
chemical shift of betaine intermediates. 
 
さらに、本測定で得られた化学シフト値は、既知文献のジメチルシクロヘキシルカルボ
イミダート 8 の化学シフト値と類似している (Scheme 3)。14 アゾ化合物  3h とトリフェ
ニルホスフィンの付加体の生成物としてはカルボイミダート構造を有する 6h 以外にオキ
サジアゾホスホール環構造を有する 9 のような中間体が発生する可能性が先行研究からも
想定される。しかし、この場合に得られる 31P NMR の化学シフト値は、実際に得られた
正の化学シフト値 (+34.5 ppm) と異なり、五価リン中間体に由来する負の値を有すること





中における 3h-15N とトリフェニルホスフィンから生じたベタイン中間体 6h-15N をヨー
ドメタンで捕捉する試みを行った。NMR 管内での反応を NMR によって観察を行ったと
ころ、1H−31P HMBC の結果から、徐々にメチル基及びトリフェニルホスフィンを含む化
合物が生成する様子が確認された。さらに、N-CH3 のプロトン部位とカルボニル基の炭素
原子間での 1H−13C HMBC による相関が確認された一方で、芳香環上の炭素との相関が確
認されなかった結果は、15N 側がメチル化された 7 の構造を強く支持する。この際に、ヨ
ードメタンの添加によってカルボイミダート構造に由来する 6h-15N の 15N NMR の化学
シフト値 (182 ppm) が、109 ppm へ変化した結果も、同様に 7 の構造であることを示し
ている。 









置異性体である 10 や酸素原子側にトリフェニルホスフィンが付加した 11 ではなく、カ
ルボイミダート構造を有するベタイン中間体 6 が、主に形成されていることが示された。 
 
 
Scheme 3. A trapping experiment of a betaine intermediate. 
 




化合物 3hに対して、過剰量の n-ブタノール (10 equiv)、トリフェニルホスフィン (10 
equiv) 及び乾燥剤としてモレキュラーシーブ 5Aを 各溶媒中 (重THF、重クロロホルム、
重アセトニトリル、重トルエン) に溶解させ、室温条件にて攪拌を行った (Table 4)。反応
溶液に対して綿栓濾過による処理を行い、得られた濾液の 31P NMR を測定したところ、
DEAD を用いた場合の五価ホスフィン中間体として知られるジ-n-ブトキシトリフェニルホ
スホラン (12) に由来するピークを、それぞれ −56.0 ppm から −55.2 ppm の間に確認した 
(DEAD: −55.0 ppm in THF-d8)。10 一方で、n-ブタノールを除いた条件下においてベタイン中
間体 6h の測定を行ったところ、重 THF、重クロロホルム、重アセトニトリルを用いた場
合には、対応するピークをそれぞれ +21.1 ppm から +34.5 ppm の間に観測したものの、
重トルエンを用いた場合には 6h のピークを観測することができなかった。これらの結果
は、重トルエン中においてはアゾ化合物 3h からベタイン中間体 6h への平衡反応は不利





Table 4. Detection of phosphorane intermediates. 
 
Entry Solvent δP (ppm) 
12 6h 
1 THF-d8 −56.0 +21.1 
2 CDCl3 −55.3 +34.5 
3 CD3CN −55.2 +33.7 
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第二章 不活性 C(sp3)−H 結合の酸素酸化を伴うアルケンの多官能基化反応の開発 











するため、現在においても有用な合成手法として重宝されている (Figure 1)。3  
 
 




































ン 1a に対して、重水素化ホウ素ナトリウム (NaBD4) 1.5 当量、Fe(Pc) 10 mol% 及びジメ
チルスルフィド 20 mol% をエタノールに溶解させ、酸素雰囲気下、室温条件にて攪拌を





った。また、二つ目の重水素が導入された 2a’ の存在は、中間体 A から直接的に生成物 









Scheme 1 の条件に対して、ラジカル捕捉剤として 2,2,6,6-テトラメチルピペリジン-N-オ
キシド (TEMPO) 1.5 当量を加えて反応を行ったところ、1,4-ジオール化合物 2b は一切得
られず、三級炭素ラジカル C が TEMPO によって捕捉されたと考えられる化合物 3 が






Scheme 3. Reaction in the presence of TEMPO. 
 
さらに、Scheme 1 の反応条件下、ラジカルクロック基質 1c を用いて反応を行ったとこ
ろ、シクロプロパン環が開裂したと考えられる化合物 4 がわずかながら得られた (Scheme 
4)。アルコキシラジカル D からの 1,5-水素移動によって生じる  E は、ラジカル的なシク
ロプロパン環の開裂によって F を経た後に 1,7-ジオール化合物 4 を与えると考えられる。

















































モデカン) をそれぞれ添加した条件で反応を行ったところ、目的物 2b の収率は損なわれ





















から中間体 G を生じる。14 中間体 G は酸素酸化により三級炭素ラジカル中間体 C を生
じるが、10 この中間体の存在は Scheme 3 のラジカル捕捉実験で得られた 3 によって確認
されている。さらなる酸素酸化によって中間体 C から鉄ペルオキシ錯体 H が生じた後、
O−O 結合の均等開裂もしくは不均等開裂が発生する。15 これら二つの開裂形式は Nam ら
の知見と同様に、本反応においても Fe(Pc) のアピカル位に配位した化合物の影響を受ける
と考えられる。11 この際に、不均等開裂によって生じたアルコキシドイオンからはモノアル
コール 5 が生じる。均等開裂によって生じたアルコキシラジカル中間体 I は、六員環遷移
状態を経由する 1,5-水素移動により炭素ラジカル中間体 J を生成するが、この中間体の存
在は Scheme 4 のラジカルクロックを用いた実験で得られた 4 によって確認している。そ
の後、中間体 C から I までの変換と同様に J から目的の 1,4-ジオール化合物 2b を与え
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かとなった。1 ラジカルが関与する不活性 C−H 結合の官能基化反応は歴史が古く、2 遷移














れている。5 さらに、谷口らは同反応を進展させることによって、2013 年に不活性 C−H 結



















されている (Figure 2)。 
 
 




1 から、ラクトール体 2 ではなく、硝酸エステルを含む鎖状の多置換体生成物 4 を得る





Figure 3. Concept of this chapter. 
 
谷口らの最適条件での検討を参考に、2,4,4-トリメチル-1-ペンテン (1a) に対して、亜硝
酸 tert-ブチル 3.0 当量及び水 3.0 当量を DMSO に溶解させ、酸素雰囲気下、室温条件に
て 2 時間攪拌を行ったところ、15% の収率で目的の鎖状三置換体化合物 4a を得た 





Scheme 2. Radical multifunctionalization reaction in the presence of water. 
 
本反応で新たに導入された硝酸エステル基は、アジド化合物やシアノ化合物などの求核








まず、本反応における反応溶媒の最適化を行った (Table 1)。極性溶媒である DMF 及び 
THF を用いて反応を行ったところ、いずれの溶媒においても反応性に明確な変化は見られ
なかった (Entries 2 and 3)。次に、ハロゲン系溶媒であるジクロロメタンを用いて反応を行
ったところ、鎖状三置換体化合物 4a の収率に変化は見られないものの、鎖状三置換体 4a 
と二置換体 3a の比率に改善が見られた (Entry 4)。続いて、無極性溶媒としてペンタンを
用いて反応を行ったところ、鎖状三置換体 4a と二置換体 3a の比率に大きな改善が見ら
れたとともに、収率が向上した (Entry 5)。次に、水を 30 当量用いて反応を行ったところ、
反応時間の延長が見られたものの、最も良い収率で鎖状三置換体化合物 4a を得ることが

















収率で三置換体化合物 4a−d を得た (Entries 1−4)。特に立体選択性が問題となる基質におい
ては高い立体選択性を示すことが明らかとなった。続いて、一置換外部アルケン 1e を用い
て反応を行ったところ、水を減らす等の条件の最適化を行ったにもかかわらず、低収率で目
的物 4e を得た (Entry 5)。次に、1,5-水素移動時の立体配座が強く限定されると予想される
環状の二置換外部アルケン 1f を基質として用いて反応を行ったところ、三置換体化合物 
4f を単一ジアステレオマーとして得た (Entry 6)。次に、エステル基を有する二置換外部ア
ルケン 1g を基質として用いて反応を行ったところ、鎖状三置換体生成物が環化したと思




いずれの生成物においても立体選択性はほとんど確認されなかった (Entries 8−10)。 
続いて、メチレン水素よりも結合解離エネルギー（BDE）の低いメチン水素を転移先とす
る二置換末端アルケン 1k を用いて反応を行ったところ、予想に反して目的の三置換体化













4b 及び 4d において高い立体選択性が観測されたが、理由としては 1,5-水素移動の際の
六員環遷移状態におけるニトロ基の寄与が大きいと考えられる。本反応において最初に導




Figure 4. Stereoselectivity of 4b and 4d. 
 
・アミノ-1,4-ジオール化合物 5a への変換 
 
 次に本反応の有用性を示すために、三置換体化合物 4a の還元実験を行った。三置換体
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化合物 4a に対して 10% Pd-C 触媒を用いて水素還元を行ったところ、ニトロ基と硝酸エ
ステル基が同時に還元された 5-アミノ-1,4-ジオール化合物 5a が生成した。しかし、5a 
は非常に極性が高いため、続くワンポットでの Boc保護により、Boc保護5-アミノ-1,4-ジオ
ール化合物 6a として二工程収率 81% にて単離した。今回の結果は、本反応がわずか二











生した二酸化窒素はアルケン 1a へと付加し、三級炭素ラジカル E が生じる。三級炭素ラ
ジカル E は分子状酸素によって捕捉され、ペルオキシラジカル F へと変化し、さらに一
酸化窒素によって捕捉されペルオキシ亜硝酸 G となった後に分解することでアルコキシ
ラジカル中間体 H と二酸化窒素を発生させる。生じた H は、六員環遷移状態を経由する
1,5-水素移動により炭素ラジカル中間体 I を生成し、その後、中間体 E から H までの変
換と同様に I からアルコキシラジカル中間体 A が生じると考えられる。本反応における
最も重要な特徴として、水によって既報のラクトール体 2a と鎖状三置換体化合物  4a が
作り分けられることが挙げられるが、反応系中に水を含まない場合、亜硝酸 tert-ブチルの自
発的な均等開裂もしくは酸素酸化を経て、緩やかに二酸化窒素が系中に発生するため、アル
コキシラジカル中間体 A の酸素酸化が優先して進行し、カルボニル中間体 B を経て、分
子内環化反応によりラクトール体 2a が生じる。6 一方で、水を添加した場合は系中におけ
る二酸化窒素濃度が比較的増加するため、酸素酸化よりも二酸化窒素の捕捉が優先して起
こることで、鎖状三置換体化合物 4a が得られると考えられる。5 
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テン (1a) 1.0 当量、亜硝酸ナトリウム 3.0 当量、酢酸 3.0 当量、及び水 3.0 当量をペンタン
に溶解させ、酸素雰囲気下、室温条件にて 2 時間攪拌を行ったところ、7% の収率で鎖状三











な条件下において、単純アルケン 1 を 5-アミノ-1,4-ジオール前駆体 4 に変換できること
を明らかにした。12 溶媒効果や水の影響によって、亜硝酸 tert-ブチルからの二酸化窒素の
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All reagents were purchased commercially and used without further purification. Melting points are 
uncorrected. IR spectra were recorded on a commercial FT/IR spectrometer. 1H NMR spectra were 
recorded on a 600 MHz spectrometer; chemical shifts (δ) are quoted relative to tetra-methylsilane. 13C 
NMR spectra were recorded on a 150 MHz spectrometer with complete proton decoupling; chemical 
shift (δ) are quoted relative to the residual signals of chloroform. Silica gel column chromatography 
was carried out on silica gel 60N. Mass spectra were recorded in electron ionization (EI), fast atom 
bombardment (FAB), or direct analysis in real time (DART).  
 
General procedure of iron-catalyzed redox condensation: 
A mixture of alcohol (1; 0.75 mmol), carboxylic acid (2; 0.825 mmol), triphenylphosphine (394 mg, 
1.50 mmol), iron (II) phthalocyanine (21.3 mg, 37.5 µmol), and 4-methoxypyridine N-oxide (4e; 9.7 
mg, 0.075 mmol) in MeCN (3 mL) was heated at reflux (bath temperature, 90 C) under air (balloon) 
for 10 h. The mixture was filtered, and the solvent was removed under reduced pressure. The residue 
was purified by silica gel chromatography (n-hexane−EtOAc) to give ester product. 





3-phenylpropyl 4-nitrobenzoate (3aa). 10 h. 94% yield. White solid, mp 44−45 C (lit.1 44−45 C). 
IR (CHCl3) υ 1720, 1530, 1348, 1275 cm-1. 1H NMR (600 MHz, CDCl3) δ 2.15 (2H, tt, J = 7.8, 6.6 
Hz), 2.80 (2H, t, J = 7.8 Hz), 4.40 (2H, t, J = 6.6 Hz), 7.20−7.23 (3H, m), 7.29−7.31 (2H, m), 8.16 
(2H, app. d, J = 8.4 Hz), 8.28 (2H, app. d, J = 8.4 Hz). 13C NMR (150 MHz, CDCl3) δ 30.0, 32.3, 65.3, 
123.5, 126.1, 128.4, 128.5, 130.7, 135.6, 140.9, 150.5, 164.6. Anal. Calcd for C16H15NO4: C, 67.36; 
H, 5.30; N, 4.91. Found: C, 67.50; H, 5.48; N, 4.91.  
 
 
3-Phenyl-2-propenyl 4-nitrobenzoate (3ba).2 15 h. 87% yield. White solid, mp 76−78 C (lit2 73−75 
C). IR (CHCl3)  1722, 1530, 1348, 1271 cm-1; 1H NMR (600 MHz, CDCl3) δ 5.03 (2H, d, J = 6.6 
Hz), 6.41 (1H, dt, J = 15.6, 6.6 Hz), 6.77 (1H, d, J = 15.6 Hz), 7.28 (1H, t, J = 7.2 Hz), 7.35 (2H, t, J 
= 7.2 Hz), 7.43 (2H, d, J = 7.8 Hz), 8.25 (2H, app. d, J = 9.0 Hz), 8.30 (2H, app. d, J = 9.0 Hz); 13C 
NMR (150 MHz, CDCl3) δ 66.5, 122.3, 123.5, 126.7, 128.4, 128.7, 130.8, 135.3, 135.6, 135.9, 150.5, 
164.5. Anal. Calcd for C16H13NO4: C, 67.84; H, 4.63; N, 4.94. Found: C, 67.75; H, 4.67; N, 4.96.  
  
 
Benzyl 4-nitrobenzoate (3ca).3 26 h. 77% yield. White solid, mp 81−83 C. IR (CHCl3)  1722, 1530, 
1350, 1273 cm-1; 1H NMR (600 MHz, CDCl3) δ 5.41 (2H, s), 7.37−7.47 (5H, m), 8.24 (2H, app. d, J 
= 8.4 Hz), 8.28 (2H, app. d, J = 8.4 Hz); 13C NMR (150 MHz, CDCl3) δ 67.6, 123.5, 128.4, 128.6, 
128.7, 130.8, 135.2, 135.5, 150.6, 164.5. Anal. Calcd for C14 H11NO4: C, 65.37; H, 4.31; N, 5.44. 
Found: C, 65.30; H, 4.31; N, 5.51.  
 
Phenyl 4-nitrobenzoate (3da).4 15 h. 82% yield. White solid, mp 131−132 C (lit4 128−129 C). IR 
(CHCl3)  1741, 1531, 1349, 1269 cm-1; 1H NMR (600 MHz, CDCl3) δ 7.23−7.25 (2H, m), 7.33 (1H, 
t, J = 8.4 Hz), 7.45−7.48 (2H, m), 8.37 (2H, app. d, J = 9.0 Hz), 8.39 (2H, app. d, J = 9.0 Hz); 13C 
NMR (150 MHz, CDCl3) δ 121.4, 123.7, 126.4, 130.0, 131.3, 134.9, 150.5, 150.9, 163.3. Anal. Calcd 





3-Phenyl-2-propynyl 4-nitrobenzoate (3ea). 46 h. 68% yield. White solid, mp 60−62 C. IR (CHCl3) 
 1732, 1531, 1350, 1267 cm-1; 1H NMR (600 MHz, CDCl3) δ 5.21 (2H, s), 7.26−7.38 (3H, m), 
7.48−7.50 (2H, m), 8.28 (2H, app. d, J = 9.0 Hz), 8.31 (2H, app. d, J = 9.0 Hz); 13C NMR (150 MHz, 
CDCl3) δ 54.2, 82.2, 87.2, 121.8, 123.6, 128.3, 129.0, 131.0, 131.9, 134.9, 150.7, 164.1. Anal. Calcd 
for C16H11NO4: C, 68.32; H, 3.94; N, 4.98. Found: C, 68.32; H, 3.95; N, 5.07.  
  
 
Octadecyl 4-nitrobenzoate (3fa).5 26 h. 71% yield. White solid, mp 63−64 C (lit5 63−65 C). IR 
(CHCl3)  1720, 1529, 1350, 1279 cm-1; 1H NMR (600 MHz, CDCl3) δ 0.88 (3H, t, J = 7.2 Hz), 
1.25−1.30 (26H, m), 1.30−1.39 (2H, m), 1.42−1.47 (2H, m), 1.79 (2H, quint, J = 6.6 Hz), 4.37 (2H, t, 
J = 6.6 Hz), 8.21 (2H, app. d, J = 9.0 Hz), 8.30 (2H, app. d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) 
δ 14.1, 22.7, 26.0, 28.6, 29.2, 29.4, 29.50, 29.57, 29.62, 29.66, 29.69, 31.9, 66.1, 123.5, 130.6, 135.9, 




(1S)-1-Methoxycarbonylethyl 4-nitrobenzoate (3ga). 17 h. 72% yield. >99% ee. White solid, mp 
37−39 C. IR (CHCl3)  1747, 1728, 1531, 1346, 1273 cm-1; 1H NMR (600 MHz, CDCl3) δ 1.30 (3H, 
t, J = 7.2 Hz), 1.67 (3H, d, J = 7.2 Hz), 4.25 (2H, q, J = 7.2 Hz), 5.35 (1H, q, J = 7.2 Hz), 8.26 (2H, 
app. d, J = 9.0 Hz), 8.31 (2H, app. d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 14.1, 17.0, 61.7, 
69.9, 123.5, 131.0, 134.9, 150.7, 164.1, 170.2. Anal. Calcd for C12H13NO6: C, 53.93; H, 4.90; N, 5.24. 
Found: C, 53.77; H, 4.93; N, 5.19. The enantiomeric excess was determined by HPLC analysis using 
a chiral column. Chiral HPLC: (Daicel-Chiralpak AD-H 46 × 150 mm, 254 nm UV detector, room 
temperature eluent: (hexane/i-PrOH) 5:1, flow rate: 0.5 mL/min, retention time (min) 9.1 (R isomer), 
11.0 (S isomer). []D24 +13.4 (c 1.00, CHCl3). [3ga (S isomer) alternatively prepared by acylation of 
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(−)-(S)-ethyl lactate with 4-nitrobenzoyl chloride: []D30 +13.6 (c 1.00, CHCl3), (1R)-1-
methoxycarbonylethyl 4-nitrobenzoate: []D25 −13.1 (c 1.00, EtOH)6].  
 
 
Cyclohexyl 4-nitrobenzoate (3ha).7 16 h. 64% yield. Pale yellow oil. IR (CHCl3)  1718, 1529, 1346, 
1279 cm-1; 1H NMR (600 MHz, CDCl3) δ 1.35−1.40 (1H, m), 1.44−1.50 (2H, m), 1.58−1.64 (3H, m), 
1.78−1.82 (2H, m), 1.94−2.00 (2H, m), 5.05−5.09 (1H, m), 8.21 (2H, app. d, J = 9.0 Hz), 8.28 (2H, 
app. d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 23.6, 25.3, 31.5, 74.4, 123.4, 130.6, 136.4, 150.4, 
164.1; HRMS (EI) calcd for C13H15NO4 (M+) 249.1001, found: 249.0987.  
 
 
(1S, 2R, 5S)-Menthyl 4-nitrobenzoate (3ia). 8 h. 56% yield. Pale yellow oil. IR (CHCl3)  1714, 
1529, 1346, 1276 cm-1; 1H NMR (600 MHz, CDCl3) δ 0.80 (3H, d, J = 6.6 Hz), 0.93 (3H, d, J = 6.6 
Hz), 0.95 (3H, d, J = 6.6 Hz), 1.11−1.18 (2H,  m), 1.56−1.61 (2H, m), 1.73−1.78 (2H, m), 1.88−1.96 
(1H, m), 2.11−2.15 (1H, m), 4.98 (1H, td, J = 10.8, 3.5 Hz), 8.21 (2H, app. d, J = 9.0 Hz), 8.28 (2H, 
app. d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 16.5, 20.7, 22.0, 23.5, 26.5, 31.4, 34.2, 40.8, 47.2, 
76.1, 123.5, 130.6, 136.2, 150.4, 164.2; HRMS (FAB) calcd for C17H24NO4 ([M+H]+) 306.1705, 
found: 306.1716. []D23 +69.5 (c 1.00, CHCl3).  
 
 
tert-Butyl 4-nitrobenzoate (3ja).7 48 h. 3% yield. White solid, mp 113−114 C. IR (CHCl3)  1716, 
1529, 1356, 1298 cm-1; 1H NMR (600 MHz, CDCl3) δ 1.62 (9H, s), 8.15 (2H, app. d, J = 8.4 Hz), 8.26 
(2H, app. d, J = 8.4 Hz); 13C NMR (150 MHz, CDCl3) δ 28.1, 82.6, 123.3, 130.5, 137.4, 150.2, 163.7. 





3-Phenylpropyl 4-cyanobenzoate (3ab). 22 h. 87% yield. Pale yellow oil. IR (CHCl3)  2233, 1724, 
1276 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.13 (2H, tt, J = 7.8, 6.6 Hz), 2.79 (2H, t, J = 7.8 Hz), 4.38 
(2H, t, J = 6.6 Hz), 7.19−7.22 (3H, m), 7.30 (2H, t, J = 7.2 Hz), 7.74 (2H, app. d, J = 9.0 Hz), 8.09 
(2H, app. d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 30.0, 32.3, 65.2, 116.3, 118.0, 126.1, 128.4, 
128.5, 130.0, 132.2, 134.1, 140.9, 164.9; HRMS (EI) calcd for C17H15NO2(M+) 265.1103, found: 
265.1099.   
 
 
3-Phenylpropyl 4-trifluoromethylbenzoate (3ac).1 24 h. 86% yield. Pale yellow oil. IR (CHCl3)  
1722, 1321, 1274 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.13 (2H, tt, J = 7.8, 6.6 Hz), 2.79 (2H, t, J = 
7.8 Hz), 4.38 (2H, t, J = 6.6 Hz), 7.19−7.22 (3H, m), 7.30 (2H, t, J = 7.2 Hz), 7.70 (2H, d, J = 7.8 Hz), 
8.12 (2H, d, J = 7.8 Hz); 13C NMR (150 MHz, CDCl3) δ 30.1, 32.3, 64.9, 123.6 (q, JC−F = 271 Hz), 
125.36 (q, JC−F = 2.9 Hz), 126.1, 128.4, 128.5, 129.9, 133.5, 134.3 (q, JC−F = 33.0 Hz), 141.0, 165.3; 
HRMS (EI) calcd for C17H15F3O2 (M+) 308.1024, found: 308.1027.  
  
 
3-Phenylpropyl 4-methoxycarbonylbenzoate (3ad). 22 h. 85% yield. Pale yellow oil. IR (CHCl3)  
1722, 1281 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.13 (2H, tt, J = 7.8, 6.6 Hz), 2.80 (2H, t, J = 7.8 Hz), 
3.95 (3H, s), 4.37 (2H, t, J = 6.6 Hz), 7.19−7.26 (3H, m), 7.30 (2H, t, J = 7.2 Hz), 8.06 (2H, app. d, J 
= 8.4 Hz), 8.10 (2H, app. d, J = 8.4 Hz); 13C NMR (150 MHz, CDCl3) δ 30.2, 32.3, 52.4, 64.8, 126.1, 
128.4, 128.5, 129.50, 129.52, 133.8, 134.1, 141.0, 165.8, 166.3; HRMS (EI) calcd for C18H18O4 (M+) 





3-Phenylpropyl 4-chlorobenzoate (3ae).1 18 h. 71−79% yield. Pale yellow oil. IR (CHCl3)  1716, 
1280 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.10 (2H, tt, J = 7.8, 6.6 Hz), 2.78 (2H, t, J = 7.8 Hz), 4.34 
(2H, t, J = 6.6 Hz), 7.19−7.22 (3H, m), 7.30 (2H, m, J = 7.8 Hz), 7.41 (2H, app. d, J = 9.0 Hz), 7.94 
(2H, app. d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 30.2, 32.3, 64.5, 126.0, 128.4, 128.5, 128.67, 




3-Phenylpropyl 4-fluorobenzoate (3af).1 21 h. 69% yield. Pale yellow oil. IR (CHCl3)  1712, 1277 
cm-1; 1H NMR (600 MHz, CDCl3) δ 2.10 (2H, tt, J = 7.8, 6.6 Hz), 2.79 (2H, t, J = 7.8 Hz), 4.34 (2H, 
t, J = 6.6 Hz), 7.11 (2H, t, J = 9.0 Hz), 7.19−7.22 (5H, m), 7.29 (2H, t, J = 7.8 Hz), 8.02−8.05 (2H, 
m); 13C NMR (150 MHz, CDCl3) δ 30.2, 32.3, 64.4, 115.4 (d, JC−F = 21.5 Hz), 126.0, 126.5, 128.41, 
128.47, 132.06 (d, JC−F = 8.6 Hz), 141.1, 165.7 (d, JC−F = 251 Hz), 165.6; HRMS (EI) calcd for 
C16H15FO2 (M+) 258.1056, found: 258.1051.   
 
 
3-Phenylpropyl benzoate (3ag).1 23−48 h. 57−74% yield. Colorless oil. IR (CHCl3)  1716, 1276 
cm-1; 1H NMR (600 MHz, CDCl3) δ 2.11 (2H, tt, J = 7.8, 6.6 Hz), 2.79 (2H, t, J = 7.8 Hz), 4.35 (2H, 
t, J = 6.6 Hz), 7.19−7.23 (3H, m), 7.30 (2H, t, J = 7.2 Hz), 7.45 (2H, t, J = 7.8 Hz), 7.56 (1H, t, J = 7.2 
Hz), 8.04 (2H, t, J = 8.4 Hz); 13C NMR (150 MHz, CDCl3) δ 30.3, 32.3, 64.2, 126.0, 128.3, 128.42, 






3-Phenylpropyl 4-methylbenzoate (3ah). 21 h. 52−53% yield. Pale yellow oil. IR (CHCl3)  1708, 
1281 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.10 (2H, tt, J = 7.8, 6.6 Hz), 2.41 (3H, s), 2.78 (2H, t, J = 
7.8 Hz), 4.32 (2H, t, J = 6.6 Hz), 7.19−7.25 (5H, m), 7.29 (2H, t, J = 7.2 Hz), 7.92 (2H, d, J = 7.8 Hz); 
13C NMR (150 MHz, CDCl3) δ 21.6, 30.3, 32.3, 64.0, 126.0, 127.6, 128.42, 128.44, 129.0, 129.5, 
141.2, 143.5, 166.6; HRMS (EI) calcd for C17H18O2 (M+) 254.1307, found: 254.1309.  
 
 
3-Phenylpropyl 4-methoxylbenzoate (3ai).1 24 h. 35−58% yield. Colorless yellow oil. IR (CHCl3)  
1705, 1277 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.09 (2H, tt, J = 7.8, 6.6 Hz), 2.78 (2H, t, J = 7.8 Hz), 
3.86 (3H, s), 4.31 (2H, t, J = 6.6 Hz), 6.92 (2H, d, J = 8.4 Hz), 7.19−7.22 (3H, m), 7.29 (2H, t, J = 7.8 
Hz), 7.99 (2H, d, J = 8.4 Hz); 13C NMR (150 MHz, CDCl3) δ 30.3, 32.3, 55.4, 63.9, 113.5, 122.8, 




3-Phenylpropyl 3-nitrobenzoate (3aj). 31 h. 81−82% yield. Pale yellow oil. IR (CHCl3)  1724, 
1535, 1352, 1294 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.16 (2H, tt, J = 7.8, 6.6 Hz), 2.80 (2H, t, J = 
7.8 Hz), 4.41 (2H, t, J = 6.6 Hz), 7.19−7.23 (3H, m), 7.30 (2H, t, J = 7.8 Hz), 7.65 (1H, t, J = 7.8 Hz), 
8.33 (1H, app. d, J = 7.8 Hz), 8.41−8.43 (1H, m), 8.835 (1H, t, J = 2.4 Hz); 13C NMR (150 MHz, 
CDCl3) δ 30.1, 32.3, 65.3, 124.5, 126.1, 127.3, 128.4, 128.5, 129.6, 132.0, 135.2, 140.9, 148.2, 164.4; 
HRMS (EI) calcd for C16H15NO4 (M+) 285.1001, found: 285.0998.  
  
 
3-Phenylpropyl 3-chlorobenzoate (3ak). 23 h. 88% yield. Colorless oil. IR (CHCl3)  1718, 1288 
cm-1; 1H NMR (600 MHz, CDCl3) δ 2.11 (2H, tt, J = 7.8, 6.6 Hz), 2.79 (2H, t, J = 7.8 Hz), 4.34 (2H, 
t, J = 6.6 Hz), 7.19−7.22 (3H, m), 7.30 (2H, t, J = 7.8 Hz), 7.38 (1H, t, J = 7.8 Hz), 7.52−7.54 (1H, 
m), 7.90 (1H, app. d, J = 7.8 Hz), 7.98 (1H, t, J = 1.8 Hz); 13C NMR (150 MHz, CDCl3) δ 30.2, 32.3, 
64.7, 126.1, 127.7, 128.4, 128.5, 129.6, 129.7, 132.0, 132.9, 134.5, 141.0, 165.3; HRMS (EI) calcd 





3-Phenylpropyl 3-fluorobenzoate (3al). 22−27 h. 76−88% yield. Colorless oil. IR (CHCl3)  1718, 
1282 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.11 (2H, tt, J = 7.8, 6.6 Hz), 2.79 (2H, t, J = 7.8 Hz), 4.35 
(2H, t, J = 6.6 Hz), 7.19−7.27 (4H, m), 7.29 (2H, t, J = 7.8 Hz), 7.41 (1H, td, J = 7.8, 5.4 Hz), 7.68−7.70 
(1H, m), 7.81 (1H, app. d, J = 7.8 Hz); 13C NMR (150 MHz, CDCl3) δ 30.2, 32.3, 64.6, 116.4 (d, JC−F 
= 23.0 Hz), 119.9 (d, JC−F =21.6 Hz), 125.25 (d, JC−F = 2.9 Hz), 126.1, 128.4, 128.5, 129.95 (d, JC−F = 
8.9 Hz), 132.46 (d, JC−F = 7.2 Hz), 141.0, 162.5 (d, JC−F = 246 Hz), 165.40 (d, JC−F = 2.4 Hz); HRMS 
(EI) calcd for C16H15FO2 (M+) 258.1056, found: 258.1051.  
 
 
3-Phenylpropyl 3-methylbenzoate (3am). 31 h. 64% yield. Colorless oil. IR (CHCl3)  1711, 1284 
cm-1; 1H NMR (600 MHz, CDCl3) δ 2.11 (2H, tt, J = 7.8, 6.6 Hz), 2.41 (3H, s), 2.79 (2H, t, J = 7.8 
Hz), 4.34 (2H, t, J = 6.6 Hz), 7.19−7.23 (3H, m), 7.28−7.34 (4H, m), 7.84 (2H, app. d, J = 7.8 Hz); 
13C NMR (150 MHz, CDCl3) δ 21.3, 30.3, 32.3, 64.2, 126.0, 126.7, 128.2, 128.43, 128.45, 130.1, 
130.3, 133.6, 138.1, 141.2, 166.8; HRMS (EI) calcd for C17H18O2 (M+) 254.1307, found: 254.1309.  
  
 
3-Phenylpropyl 2-nitrobenzoate (3an). 48 h. 55−74% yield. Pale yellow oil. IR (CHCl3)  1732, 
1537, 1355, 1292 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.06 (2H, tt, J = 7.8, 6.6 Hz), 2.72 (2H, t, J = 
7.8 Hz), 4.35 (2H, t, J = 6.6 Hz), 7.19−7.22 (3H, m), 7.29 (2H, t, J = 7.8 Hz), 7.64 (1H, td, J = 7.8, 1.2 
Hz), 7.68 (1H, td, J = 7.8, 1.2 Hz), 7.74 (1H, dd, J = 7.8, 1.8 Hz), 7.90 (1H, dd, J = 7.8, 1.2 Hz); 13C 
NMR (150 MHz, CDCl3) δ 30.0, 32.1, 65.8, 123.8, 126.0, 127.6, 128.4, 129.9, 131.7, 132.8, 141.0, 





3-Phenylpropyl 2-bromobenzoate (3ao). 46 h. 50−54% yield. Pale yellow oil. IR (CHCl3)  1724, 
1294 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.11 (2H, tt, J = 7.8, 6.6 Hz), 2.80 (2H, t, J = 7.8 Hz), 4.37 
(2H, t, J = 6.6 Hz), 7.20−7.22 (3H, m), 7.28−7.38 (4H, m), 7.66 (1H, d, J = 7.8 Hz), 7.76 (1H, dd, J = 
7.8, 1.8 Hz); 13C NMR (150 MHz, CDCl3) δ 30.2, 32.3, 65.0, 121.5, 126.0, 127.1, 128.4, 128.5, 131.3, 
132.4, 134.3, 141.1, 166.3; HRMS (EI) calcd for C16H1579BrO2 (M+) 318.0255, found: 318.0257.  
  
 
3-Phenylpropyl 2-methylbenzoate (3ap).1 46 h. 68% yield. Pale yellow oil. IR (CHCl3)  1712, 1294 
cm-1; 1H NMR (600 MHz, CDCl3) δ 2.10 (2H, tt, J = 7.8, 6.6 Hz), 2.61 (3H, s), 2.79 (2H, t, J = 7.8 
Hz), 4.32 (2H, t, J = 6.6 Hz), 7.19−7.26 (5H, m), 7.30 (2H, t, J = 7.8 Hz), 7.40 (1H, td, J = 7.8, 1.2 
Hz), 7.90 (1H, d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3) δ 21.8, 30.4, 32.4, 64.1, 125.7, 126.0, 
128.4, 128.5, 129.8, 130.5, 131.7, 131.9, 140.1, 141.2, 167.6; HRMS (EI) calcd for C17H18O2 (M+) 
254.1307, found: 254.1305.  
  
 
3-Phenylpropyl 2-naphthoate (3aq). 23 h. 77% yield. Pale yellow oil. IR (CHCl3)  1712, 1284 cm-
1; 1H NMR (600 MHz, CDCl3) δ 2.16 (2H, tt, J = 7.8, 6.6 Hz), 2.83 (2H, t, J = 7.8 Hz), 4.40 (2H, t, J 
= 6.6 Hz), 7.19−7.25 (3H, m), 7.30 (2H, t, J = 7.8 Hz), 7.54 (1H, t, J = 7.8 Hz), 7.58 (1H, t, J = 7.8 
Hz), 7.87 (2H, d, J = 8.4 Hz), 7.95 (1H, d, J = 8.4 Hz), 8.05 (1H, app. d, J = 9.0 Hz), 8.58 (1H, s); 13C 
NMR (150 MHz, CDCl3) δ 30.3,  32.3, 64.4, 125.2, 126.0, 126.6, 127.6, 127.7, 128.1, 128.2, 128.43, 
128.46, 129.3, 130.9, 132.4, 135.5, 141.2, 166.7; HRMS (EI) calcd for C20H18O2 (M+) 290.1307, 
found: 290.1311.  
  
 
3-Phenylpropyl 3-phenylpropenoate (3ar).8 22−43 h. 47−75% yield. Pale yellow oil. IR (CHCl3)  
1705, 1637, 1277, 1174 cm-1; 1H NMR (600 MHz, CDCl3) δ 2.04 (2H, tt, J = 7.8, 6.6 Hz), 2.75 (2H, 
t, J = 7.8 Hz), 4.23 (2H, t, J = 6.6 Hz), 6.47 (1H, d, J = 15.6 Hz), 7.19−7.22 (3H, m), 7.30 (2H, t, J = 
7.8 Hz), 7.37−7.39 (3H, m), 7.52−7.54 (2H, m), 7.68 (1H, d, J = 15.6 Hz); 13C NMR (150 MHz, 
CDCl3) δ 30.3, 32.2, 63.9, 118.1, 126.0, 128.0, 128.39, 128.41, 128.8, 130.2, 134.4, 141.2, 144.7, 
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167.0; HRMS (EI) calcd for C18H18O2 (M+) 266.1307, found: 266.1303.  
  
 
3-Phenylpropyl 3-phenylpropanoate (3as).1 13−21 h. 53−81% yield. Pale yellow oil. IR (CHCl3)  
1726, 1173 cm-1; 1H NMR (600 MHz, CDCl3) δ 1.93 (2H, tt, J = 7.8, 6.6 Hz), 2.63 (4H, t, J = 7.8 Hz), 
2.96 (2H, t, J = 7.8 Hz), 4.09 (2H, t, J = 6.6 Hz), 7.15 (2H, d, J = 7.2 Hz), 7.18−7.22 (4H, m), 7.27−7.30 
(4H, m); 13C NMR (150 MHz, CDCl3) δ 30.1, 30.9, 32.1, 35.8, 63.8, 126.0, 126.2, 128.3, 128.37, 
128.40, 128.47, 140.5, 141.2, 172.9; HRMS (EI) calcd for C18H20O2 (M+) 268.1463, found: 268.1460.   
 
 
3-Phenylpropyl cyclohexanecarboxylate (3at). 1 26 h. 35−51% yield. Pale yellow oil. IR (CHCl3)  
1720, 1174 cm-1; 1H NMR (600 MHz, CDCl3) δ 1.19−1.32 (3H, m), 1.41−1.48 (2H, m), 1.63−1.66 
(1H, m), 1.74−1.77 (2H, m), 1.90−1.97 (4H, m), 2.30 (1H, tt, J = 11.4, 3.0 Hz), 2.68 (2H, t, J = 7.8 
Hz), 4.08 (2H, t, J = 6.6 Hz), 7.19 (3H, app. t, J = 8.4 Hz), 7.28 (2H, t, J = 7.8 Hz); 13C NMR (150 
MHz, CDCl3) δ 25.4, 25.7, 29.0, 30.3, 32.1, 43.2, 63.3, 125.9, 128.37, 128.39, 141.2, 176.1; HRMS 
(EI) calcd for C16H22O2 (M+) 246.1620, found: 246.1612.  
  
 
3-Phenylpropyl adamantanecarboxylate (3au). 24 h. 21−23% yield. Pale yellow oil. IR (CHCl3)  
1718, 1240 cm-1; 1H NMR (600 MHz, CDCl3) δ 1.69−1.75 (6H, m), 1.90 (6H, d, J = 3.0 Hz), 1.95 
(2H, tt, J = 11.4, 3.0 Hz), 2.02 (3H, s), 2.69 (2H, t, J = 7.8 Hz), 4.06 (2H, t, J = 6.6 Hz), 7.19 (3H, app. 
t, J = 8.4 Hz), 7.30 (2H, t, J = 7.8 Hz); 13C NMR (150 MHz, CDCl3) δ 27.9, 30.3, 32.1, 36.5, 38.8, 
40.7, 63.2, 125.9, 128.40, 128.41, 141.3, 177.7; HRMS (EI) calcd for C20H26O2 (M+) 298.1933, found: 
298.1935.  
 
Experiment with 18O-Labeled 4-Nitrobenzoic Acid (2a’): 
18O-Labeled 4-nitrobenzoic acid (2a’) was used in a typical procedure.18O-Labeled 3-phenylpropyl 4-
nitrobenzoate (3aa’; 45% 18O incorporation): IR (CHCl3) υ 1720 (C=16O), 1695 (C=18O) cm-1. MS 
(DART) ([M+H]+, rel intensity, %) 286 (100), 288 (80). (Normal 3-phenylpropyl 4-nitrobenzoate (3a): 
MS (DART) ([M+H]+, rel intensity, %) 286 (100), 288 (3.1)).18O-Labeled triphenylphosphine oxide 
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(22% 18O incorporation): MS (EI) (M+, rel intensity, %) 278 (71), 280 (20). (Normal 
triphenylphosphine oxide: MS (EI) (M+, rel intensity, %) 278 (68), 280 (1.6)). 
 
Preparation of 18O-labeled 4-nitrobenzoic acid (2a’):   
To a solution of 4-nitrobenzoyl chloride (463 mg, 2.50 mmol) in THF (8.3 mL) was added H218O (50.2 
mg, 2.50 mmol, 98% 18O incorporation) and the mixture was stirred at room temperature for 3.5 h. 
After removal of the solvent, the residue was purified by silica gel chromatography (CH2Cl2−MeOH, 
6:1) to give 2a’ (103.7 mg, 90% yield, 86% 18O incorporation) as a white solid. NMR spectra of 2a’ 
accorded with those of 4-nitrobenzoic acid. MS (DART) ([M+H]+, rel intensity, %) 168 (16), 170 
(100). (Normal 4-nitrobenzoic acid: MS (DART) ([M+H]+, rel intensity, %) 168 (100), 170 (2.1)).  
  
Experiment with 18O-Labeled 3-Phenylpropanol (1a’): 
18O-Labeled 3-phenylpropanol (1a’) was used in a typical procedure.18O-Labeled 3-phenylpropyl 4-
nitrobenzoate (3a’a)(91% 18O incorporation): IR (CHCl3) υ 1720 (C=16O); MS(DART) ([M+H]+, rel 
intensity, %) 286 (9.7), 288 (100). Triphenylphosphine oxide (<2% 18O incorporation): MS (EI) (M+, 
rel intensity, %) 278 (50), 280 (0.9). 
 
Preparation of 18O-labeled 3-phenylpropanol (1a’):  
 To a mixture of 3-phenylpropanal dimethylacetal (150 mg, 0.832 mmol) in THF (1 mL) was added 
H218O (167 mg, 8.32 mmol, 98% 18O incorporation) and sulfuric acid (one drop) the mixture was 
heated at reflux for 12 h. NaBH4 (47.2 mg, 1.25 mmol) was continually added to the mixture at 0 °C 
and mixture was stirred at same temperature for 0.5 h. Water was poured into the reaction mixture and 
extracted with CH2Cl2. The organic phase was washed with brine and dried with MgSO4. After 
removal of the solvent, the residue was purified by silica gel chromatography (hexane−EtOAc, 3:1) to 
give 1a’ (103.7 mg, 90% yield, 92% 18O incorporation) as a colorless oil. NMR spectra of 1a’  
accorded with those of 3-phenylpropanol. MS (DART) (rel intensity, %) 137 ([M+H]+, 1.8), 139 
([M+H]+, 26). 154 ([M+H2O]+, 8.7), 156 ([M+H2O]+, 100) (Normal 3-phenylpropanol (1a): MS 
(DART) (rel intensity, %) 137 ([M+H]+, 29), 139 ([M+H]+, 0.8). 154 ([M+H2O]+, 100), 156 
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All reactions were carried out in flame-dried glassware under nitrogen or air atmosphere. All 
commercially available reagents were used without further purification. Molecular sieves are activated 
by heating at 300−400 °C under reduced pressure. THF was passed over a column of activated alumina 
prior to use. Melting points are uncorrected. IR spectra were recorded on Horiba IR-710 FT/IR 
spectrometer. 1H and 13C NMR spectra were recorded on JEOL JNM ECA600 (600 MHz and 150 
MHz, respectively) spectrometer. Chemical shifts (δ) are quoted relative to tetramethylsilane (1H 
NMR) and the residual signals of chloroform (13C NMR). Silica gel column chromatography was 
carried out on silica gel 60N (Kanto Kagaku Co., Ltd., spherical, neutral, 63−210 μm). Mass spectra 
were recorded on JEOL JMS-T100TD (direct analysis in real time, DART) or JEOL JMS-700 
spectrometers (fast atom bombardment, FAB). Absolute or relative configurations of products were 
confirmed by comparing with authentic samples of inversion or retention compounds prepared by 
acylation of the corresponding alcohols. 
 
Oxidation of ethyl 2-phenylhydrazinecarboxylate (3a).  
 
 
A mixture of ethyl 2-phenylhydrazinecarboxylate (3a)1 (180 mg, 1.00 mmol) and iron phthalocyanine 
(56.8 mg, 0.100 mmol) in THF (4.0 ml) was stirred for 24 h at room temperature under air. After the 
solvent was removed under reduced pressure, the residue was purified by flash chromatography (silica 
gel, hexane/EtOAc, 6:1) to give ethyl 2-phenylazocarboxylate (4a)1 (157 mg, 0.881 mmol, 89%) as 
red oil. 1H NMR (600 MHz, CDCl3) δ 7.94−7.92 (m, 2H), 7.58−7.55 (m, 1H), 7.53−7.50 (m, 2H), 
4.51 (q, J = 7.2 Hz, 2H), 1.45 (t, J = 7.2 Hz, 3H); 1 3 C NMR (150 MHz, CDCl3) δ 162.1, 151.4, 
133.7, 129.1, 123.5, 64.3, 14.0; IR (CHCl3, cm-1) 3020, 1751, 1252, 1215. 
 





To a mixture of (−)-(S)-ethyl lactate (5a) (100 mg, 0.850 mmol), 3,5-dinitrobenzoic acid (6a) (198 mg, 
0.935 mmol), and triphenylphosphine (334 mg, 1.275 mmol) in THF (1.7 ml) was slowly added ethyl 
2-phenylazocarboxylate (4a) (227 mg, 1.275 mmol) at room temperature under nitrogen atmosphere, 
and the mixture was stirred for 24 h at the same temperature. After the solvent was removed under 
reduced pressure, the residue was purified by flash chromatography (silica gel, hexane/EtOAc, 6:1) to 
give (1R)-1-ethoxycarbonylethyl 3,5-dinitrobenzoate (7a)2 (132 mg, 0.423 mmol, 50%, >99:1 er) as a 
white solid. 1H NMR (600 MHz, CDCl3) δ 9.254-9.247 (m, 1H), 9.20 (d, J = 2.1 Hz, 2H), 5.42 (q, J 
= 6.9 Hz, 1H), 4.27 (q, J = 7.2 Hz, 2H), 1.73 (d, J = 6.9 Hz, 3H), 1.32 (t, J = 7.2 Hz, 3H); 13C NMR 
(150 MHz, CDCl3) δ 169.6, 161.9, 148.7, 133.2, 129.6, 122.6, 70.8, 61.9, 16.9, 14.1. The enantiomeric 
ratio was determined by HPLzC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak AD-
H 46 × 150 mm, 254 nm UV detector, room temperature eluent: (hexane/i-PrOH) 1:5, flow rate: 0.5 
mL/min, retention time (min) 17.0 (S isomer), 20.2 (R isomer). [α]D22 = −8.6 (c 1.00, CHCl3). 
[Authentic sample (retention): (1S)-1-ethoxycarbonylethyl 3,5-dinitrobenzoate (>99:1 er); [α]D22 = 
+8.8 (c 1.00, CHCl3)]. 
 
Procedure for preparation of ethyl 2-(3,4-dichlorophenyl)hydrazinecarboxylate: 
 
 
To a solution of 3,4-dichlorophenylhydrazine hydrochloride (1.07 g, 5.00 mmol), pyridine (0.89 mL, 
11.0 mmol), and 4-(N,N-dimethylamino)pyridine (30.5 mg, 0.250 mmol) in CH3CN (25 mL) was 
added dropwise ethyl chloroformate (0.53 mL, 5.50 mmol) at 0 C. The reaction mixture was stirred 
for 10 min at 0 C and then for 4 h at room temperature. The reaction mixture was poured into water 
(20 mL) and extracted with ethyl acetate (30 mL × 3). The combined organic layers were successively 
washed with a saturated solution of NaHCO3 and brine, and dried over Na2SO4. After the solvent was 
evaporated, the crude product was purified by flash chromatography (silica gel, hexane/EtOAc, 2:1) 
to afford 3m (1.12 g, 4.51 mmol, 91%). Recrystallization (hexane-EtOAc) of this product gave highly 
pure form as colorless needles (0.88 g, 3.53 mmol, 71%); mp 112113 C (lit.3) mp 108-111 C). 1H 
NMR (600 MHz, CDCl3) δ 7.24 (d, J = 10.3 Hz, 1H), 6.91−6.90 (m, 1H), 6.64−6.63 (m, 2H), 6.03 
(br, 1H), 4.20 (q, J = 7.2 Hz, 2H), 1.29 (br, 3H); 1 3 C NMR (150 MHz, CDCl3) δ 157.0, 147.7, 132.9, 
130.6, 123.6, 114.5, 112.5, 62.3, 14.4; IR (CHCl3, cm-1) 3020, 1736, 1475, 1215; HRMS (DART+) 
calcd for C9H11Cl2N2O2 ([M+H]+) 249.0198, found 249.0190. Anal. Calcd for C9H10Cl2N2O2: C, 




3ac,1 3e,1 3f,1 3h,3 and 3i,4 were also known compounds. 3d, 3g, 3j, 3k, 3l, and 3n were prepared 
according to the typical procedure. 
 
 
Ethyl 2-(4-bromophenyl)hydrazinecarboxylate (3d). 5 14 h. 73% yield. colorless needle, mp 9899 
C (hexane-ethyl acetate) (lit.5 mp 105 C). 1H NMR (600 MHz, CDCl3) δ 7.33−7.30 (m, 2H), 6.70 
(d, J = 7.9 Hz, 2H), 6.57 (br, 1H), 5.85 (br, 1H), 4.19 (q, J = 6.9 Hz, 2H), 1.28 (br, 3H); 1 3 C NMR 
(150 MHz, CDCl3) δ 157.0, 147.1, 132.0, 114.7, 112.9, 62.1, 14.5. IR (CHCl3, cm
-1) 3432, 3370, 
1733, 1488, 1236; HRMS (DART+) calcd for C9H12BrN2O2 ([M+H]+) 259.0082, found 259.0080. 
Anal. Calcd for C9H11BrN2O2: C, 41.72; H, 4.28; N, 10.81. Found: C, 41.60; H, 4.25; N, 10.85. 
 
 
Ethyl 2-(3-fluorophenyl)hydrazinecarboxylate (3g).  10 h. 71% yield. Pale yellow solid, mp 
5354 C (hexane-ethyl acetate). 1H NMR (600 MHz, CDCl3) δ 7.18−7.14 (m, 1H), 6.59−6.53 (m, 
4H), 5.88 (br, 1H), 4.20 (q, J = 7.2 Hz, 2H), 1.28 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 164.6, 163.0, 
157.0, 150.0, (d, J C-F  = 10.1 Hz), 130.4 (d, J C-F  = 10.1 Hz), 108.5, 107.5 (d, J C-F  = 21.6 Hz), 62.1, 
14.5; IR (CHCl3, cm-1) 3430, 3374, 1733, 1617, 1488, 1243; HRMS (DART+) calcd for C9H12FN2O2 
([M+H]+) 199.0883, found 199.0834. Anal. Calcd for C9H11FN2O2: C, 54.54; H, 5.59; N, 14.13. 
Found: C, 54.54; H, 5.74; N, 14.15.  
 
 
Ethyl 2-(2-fluorophenyl)hydrazinecarboxylate (3j). 25 h. 50% yield. Pale yellow solid, mp 7778 
C (hexane-ethyl acetate). 1H NMR (600 MHz, CDCl3) δ 7.05−6.94 (m, 3H), 6.85−6.81 (m, 1H), 6.48 
(br, 1H), 5.99 (br, 1H), 4.20 (q, J = 7.2 Hz, 2H), 1.27 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 156.9, 
136.1 (d, J C-F  = 10.1 Hz), 124.49 (d, J C-F  = 2.9 Hz), 120.8, 115.1 (d, J C-F  = 18.8 Hz), 114.2, 62.1, 
14.5; IR (CHCl3, cm-1) 3434, 3378, 1735, 1488, 1241; HRMS (DART+) calcd for C9H12FN2O2 
([M+H]+) 199.0882, found 199.0836. Anal. Calcd for C9H11FN2O2: C, 54.54; H, 5.59; N, 14.13. 





Ethyl 2-(2-chlorophenyl)hydrazinecarboxylate (3k). 6 10 h. 43% yield. Colorless needle, mp 8081 
C (hexane-ethyl acetate) (lit.6 mp 8484.5 C). 1 H NMR (600 MHz, CDCl3) δ 7.26 (dd, J = 6.5, 
1.4 Hz, 1H), 7.18−7.15 (m, 1H), 6.93 (dd, J = 6.9, 1.4 Hz, 1H), 6.83−6.80 (m, 1H), 6.66 (br, 1H), 6.25 
(br, 1H), 4.19 (q, J = 6.9 Hz, 2H), 1.27 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 156.8, 143.8, 129.3, 
127.6, 121.0, 118.9, 113.2, 62.0, 14.4; IR (CHCl3, cm-1) 3430, 3376, 1741, 1596, 1490, 1236; HRMS 
(DART+) calcd for C9H11ClN2O2 ([M+H]
+) 215.0587, found: 215.0553. Anal. Calcd for 
C9H12ClN2O2: C, 50.36; H, 5.17; N, 13.05. Found: C, 50.41; H, 5.16; N, 13.09. 
 
 
Ethyl 2-(3,5-dichlorophenyl)hydrazinecarboxylate (3l). 8 h. 53% yield. Colorless needle, mp 
151152 C (hexane-ethyl acetate). 1H NMR (600 MHz, CDCl3) δ 6.86−6.85 (m, 1H), 6.71−6.70 (m, 
2H), 6.49 (br, 1H), 5.90 (br, 1H), 4.22 (q, J = 7.2 Hz, 2H), 1.29 (br, 3H); 13C NMR (150 MHz, CDCl3) 
δ 157.9, 149.3, 132.8, 130.5, 123.4, 115.3, 113.4, 44.8, 25.5, 24.2; IR (CHCl3, cm-1) 3426, 3378, 1735, 
1592, 1484, 1245; HRMS (DART+) calcd for C9H11Cl2N2O2 ([M+H]+) 249.0198, found 249.0204 
Anal. Calcd for C9H10Cl2N2O2: C, 43.40; H, 4.05; N, 11.25. Found: C, 43.35; H, 4.06; N, 11.21. 
 
 
Piperidyl 2-(3,4-dichlorophenyl)hydrazinecarboxamide (3n). 14 h. 32% yield. Pale yellow solid, 
mp 155156 C (hexane-ethyl acetate). 1H NMR (600 MHz, CDCl3) δ 7.23 (d, J = 8.6 Hz, 1H), 6.97 
(d, J = 2.7 Hz, 1H), 6.71 (dd, J = 6.2, 2.7 Hz, 1H), 6.34 (br, 1H), 6.21 (br, 1H), 3.39 (t, J = 5.8 Hz, 
4H), 1.67−1.56 (m, 6H); 13C NMR (150 MHz, CDCl3) δ 164.6, 150.4, 140.8, 135.6, 130.6, 128.5, 
128.3, 126.1, 123.4, 65.3, 32.3, 30.0; IR (CHCl3, cm-1) 3324, 1662, 1475, 1259; HRMS (DART+) 
calcd for C12H16Cl2N3O ([M+H]+) 288.0670, found 288.0651. Anal. Calcd for C12H15Cl2N3O: C, 
50.01; H, 5.25; N, 14.58. Found: C, 50.41; H, 5.46; N, 14.19.  
 
General procedure for catalytic Mitsunobu reactions: 
A mixture of alcohol (5; 0.850 mmol), nucleophile (6; 0.935 mmol), triphenylphosphine (446 mg, 1.70 
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mmol), hydrazine (3m; 21.2 mg, 0.0850 mmol), iron phthalocyanine (48.3 mg, 85.0 µmol) and 
activated 5A MS (400 mg) in THF (1.7 mL) was heated at 65C under air (balloon). After the reaction 
mixture was cooled to room temperature and filtered, the solvent was removed under reduced pressure. 





(‒)-(S)-Ethyl lactate (5a) (100 mg, 0.850 
mmol) and 4-nitrobenzoic acid (137 mg, 0.807 mmol) were used as substrates. 20 h. 79% yield (209 
mg, 0.67 mmol). 98:2 er. White solid, mp 9899 C. 1H NMR (600 MHz, CDCl3) δ 9.254-9.247 (m, 
1H), 9.20 (d, J = 2.1 Hz, 2H), 5.42 (q, J = 6.9 Hz, 1H), 4.27 (q, J = 7.2 Hz, 2H), 1.73 (d, J = 6.9 Hz, 
3H), 1.32 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 169.6, 161.9, 148.7, 133.2, 129.6, 122.6, 
70.8, 61.9, 16.9, 14.1; The enantiomeric excess was determined by HPLC analysis using a chiral 
column. Chiral HPLC: Daicel-Chiralpak AD-H 46 × 150 mm, 254 nm UV detector, room temperature 
eluent: (hexane/i-PrOH) 1:5, flow rate: 0.5 mL/min, retention time (min) 20.2 (R isomer), 17.1 
(S isomer). [α]D22 = 8.1 (c 1.00, CHCl3). [(1S)-1-ethoxycarbonylethyl 3,5-dinitrobenzoate (>99:1 
er): [α]D22 = +8.8 (c 1.00, CHCl3)]. 
 
3-Phenylpropyl benzoate (7b). 3-Phenylpropanol (100 mg, 0.734 mmol) and benzoic acid (98.6 mg, 
0.807 mmol) were used as substrates. 24 h. 71% yield (124 mg, 0.517 mmol). Pale yellow oil. 1H 
NMR (600 MHz, CDCl3) δ 8.04 (dd, J = 6.9, 1.4 Hz, 2H), 7.57-7.54 (m, 1H), 7.45-7.43 (m, 2H), 
7.31-7.28 (m, 2H), 7.24-7.19 (m, 3H), 4.34 (t, J = 6.5 Hz, 2H), 2.79 (t, J = 7.6 Hz, 2H), 2.10 (tt, J = 
6.5, 7.6 Hz, 2H); 13C NMR (150 MHz, CDCl3)δ 166.6, 141.1, 132.8, 130.3, 129.5, 128.44, 128.40, 
128.3, 126.0, 64.2, 32.3. 
 
 
3-Phenylpropyl -4-nitrobenzoate (7c). 3-Phenylpropanol (100 mg, 0.734 mmol) and 4-nitrobenzoic 
acid (137 mg, 0.807 mmol) were used as substrates. 18 h. 92% yield (193 mg, 0.675 mmol). Pale 
yellow oil. 1H NMR (600 MHz, CDCl3) δ 8.27-8.25 (m, 2H), 8.25-8.13 (m, 2H), 7.31-7.28 (m, 2H), 
7.22-7.19 (m, 3H), 4.40 (t, J = 6.5 Hz, 2H), 2.80 (t, J = 7.9 Hz, 2H), 2.14 (tt, J = 8.6, 6.5 Hz, 2H); 13C 
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2-(3-Phenylpropyl) isoindole-1,3-dione (7d).7 3-Phenylpropanol (100 mg, 0.734 mmol) and 
phthalimide (119 mg, 0.807 mmol) were used as substrates. 48 h. 65% yield (126 mg, 0.474 mmol). 
Pale yellow oil, 1H NMR (600 MHz, CDCl3) δ 7.82-7.81 (m, 2H), 7.70-7.68 (m, 2H), 7.24 (t, J = 7.6 
Hz, 2H), 7.20-7.12 (m, 3H), 3.74 (t, J = 7.2 Hz, 2H), 2.68 (t, J = 7.6 Hz, 2H), 2.03 (tt, J = 7.6, 7.2 Hz, 




2-(3-phenylpropoxy)isoindoline-1,3-dione (7e).8 3-Phenylpropanol (100 mg, 0.734 mmol) and N-
hydroxyphthalimide (132 mg, 0.807 mmol) were used as substrates. 24 h. 64% yield (131 mg, 0.466 
mmol). Pale yellow solid, mp 6667 C (hexane, ethyl acetate). 1H NMR (600 MHz, CDCl3) δ 7.83-
7.82 (m, 2H), 7.74-7.73 (m, 2H), 7.30-7.25 (m, 4H), 7.20-7.17 (m, 1H), 4.22 (t, J = 6.5 Hz, 2H), 2.87 
(t, J = 7.6 Hz, 2H), 2.09 (tt, J = 7.6, 6.5 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 163.6, 141.1, 134.4, 




(3-Phenylpropoxy)benzene (7f).9 3-Phenylpropanol (100 mg, 0.734 mmol) and phenol (12) (76.0 mg, 
0.807 mmol) were used as substrates. 48 h. 55% yield (85.3 mg, 0.402 mmol). Colorless oil. 1H NMR 
(600 MHz, CDCl3) δ 7.30−7.25 (m, 4H), 7.22−7.19 (m, 3H), 6.95−6.92 (m, 1H), 6.90−6.89 (m, 2H), 
3.96 (t, J = 6.5 Hz, 2H), 2.81 (t, J = 7.2 Hz, 2H), 2.11 (tt, J = 7.6, 6.5 Hz, 2H); 13C NMR (150 MHz, 








mg, 0.734 mmol) and N-benzyl-2-nitrobenzenesulfonylamide (236 mg, 0.807 mmol) were used as 
substrates. 48 h. 51% yield (152 mg, 0.371 mmol). Pale yellow oil. 1H NMR (600 MHz, CDCl3) δ 
7.91 (d, J = 7.9 Hz, 1H), 7.68-7.58 (m, 3H), 7.30-7.15 (m, 8H), 6.98 (d, J = 7.6 Hz, 2H), 4.51 (s, 2H), 
3.25 (t, J = 7.6 Hz, 2H), 2.43 (t, J = 7.6 Hz, 2H), 1.70 (tt, J = 7.6, 7.9 Hz, 2H); 13C NMR (150 MHz, 
CDCl3) δ 147.9, 140.9, 135.7, 133.8, 133.3, 131.6, 130.9, 128.7, 128.4, 128.3, 128.2, 127.9, 126.0, 
124.2, 51.3, 32.6, 29.0; IR (CHCl3, cm-1) 1546, 1369, 1162. 
 
 
(1R)-1-Ethoxycarbonylethyl 4-nitrobenzoate (7h).10 (‒)-(S)-Ethyl lactate (5a) (100 mg, 0.850 
mmol) and 4-nitrobenzoic acid (156 mg, 0.935 mmol) were used as substrates. 24 h. 50% yield (111 
mg, 0.415 mmol). 97:3 er. White solid, mp 3738 C. 1H NMR (600 MHz, CDCl3) δ 8.32-8.25 (m, 
4H), 5.36 (q, J = 6.9 Hz, 1H), 4.25 (q, J = 7.2 Hz, 2H), 1.67 (d, J = 6.9 Hz, 3H), 1.30 (t, J = 7.2 Hz, 
3H); 13C NMR (150 MHz, CDCl3) δ 170.2, 164.0, 150.7, 134.9, 130.9, 123.5, 69.9, 61.6, 16.9, 14.0; 
IR (CHCl3, cm-1) 1737, 1548, 1346, 1276. The enantiomeric excess was determined by HPLC analysis 
using a chiral column. Chiral HPLC: Daicel-Chiralpak AD-H 46 × 150 mm, 254 nm UV detector, 
room temperature eluent: (hexane/i-PrOH) 5:1, flow rate: 0.5 mL/min, retention time (min) 9.1 
(R isomer), 11.0 (S isomer). []D30 = 11.6 (c 1.00, CHCl3) [Authentic sample (retention): (1S)-1-





(+)-(R)-1-Phenyl-1-ethanol (104 mg, 0.850  mmol) 
and 3,5-dinitrobenzoic acid (6a) (198 mg, 0.935 mmol) were used as substrates. 24 h. 73% yield (195 
mg, 0.617 mmol) 93:7 er. White solid, mp 115116 C (lit11 mp 120121 C). 1H NMR (600 MHz, 
CDCl3) δ 9.22-9.21 (m, 1H), 9.16 (d, J = 2.1 Hz, 2H), 7.48-7.47 (m, 2H), 7.41 (t, J = 7.2 Hz, 2H), 
7.37-7.34 (m, 1H), 6.22 (q, J = 6.5 Hz, 1H), 1.77 (d, J = 6.5 Hz, 3H); 13C NMR (150 MHz, CDCl3) 
δ 161.8, 148.6, 140.1, 134.2, 129.4, 128.8, 128.6, 126.3, 122.3, 75.5, 22.0; IR (CHCl3, cm-1) 1731, 
1548, 1346, 1276; HRMS (FAB+) calcd for C15H13N2O6 ([M+H]
+) 317.0768, found: 317.0769. The 
enantiomeric excess was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-
Chiralpak AD-H 46 × 150 mm, 254 nm UV detector, room temperature eluent: (hexane/i-PrOH) 1:5, 
flow rate: 0.5 mL/min, retention time (min) 9.1 (R isomer), 11.2 (S isomer). []D23 = +28.2 (c 
1.00, CHCl3) [Authentic sample (inversion): (1S)-1-phenylethyl 3,5-dinitrobenzoate (95:5 er); [α]D23 
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(+)-(R)-3-Butyn-2-ol (59.6 mg, 0.850 mmol) and 3,5-
dinitrobenzoic acid (6a) (198 mg, 0.935 mmol) were used as substrates. 18 h. 91% yield (201 mg, 
0.763 mmol). 97:3 er. Pale yellow solid, mp 9596 C. 1H NMR (600 MHz, CDCl3) δ 9.26-9.25 (m, 
1H), 9.19 (d, J = 2.1 Hz, 2H), 5.76 (qd, J = 4.5, 2.1 Hz, 1H), 2.59 (d, J = 2.1 Hz, 1H), 1.73 (d, J = 6.6 
Hz, 3H); 1 3 C NMR (150 MHz, CDCl3) δ 161.4, 148.6, 133.4, 129.5, 122.5, 80.7, 74.4, 62.8, 21.1; 
The enantiomeric excess was determined by HPLC analysis using a chiral column. Chiral HPLC: 
Daicel-Chiralpak AD-H 46 × 150 mm, 254 nm UV detector, room temperature eluent: (hexane/i-
PrOH) 1:5, flow rate: 0.5 mL/min, retention time (min) 16.6 (R isomer), 24.1 (S isomer). []D22 
= 17.0 (c 1.00, CHCl3) [Authentic sample (retention): (2R)-3-butynyl 3,5-dinitrobenzoate (97:3 er); 
[α]D22 = +18.7 (c 1.00, CHCl3)]. 
  
 
(2R)-2-Octyl 3,5-dinitrobenzoate (7k).12 (+)-(S)-2-Octanol (110 mg, 0.850 mmol) and 3,5-
dinitrobenzoic acid (6a) (198 mg, 0.935 mmol) were used as substrates. 22 h. 70% yield (190 mg, 
0.587 mmol) 94:6 er. Pale yellow solid, mp 3840 C. 1H NMR (600 MHz, CDCl3) δ 9.22-9.21 (m, 
1H), 9.15 (d, J = 2.1 Hz, 1H), 5.29-5.25 (m, 1H), 1.86-1.80 (m, 1H), 1.72-1.66 (m, 1H), 1.42 (d, J = 
6.5 Hz, 3H), 1.41-1.29 (m, 8H), 0.88 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 162.1, 148.6, 
134.6, 129.3, 122.1, 74.6, 35.8, 31.6, 29.0, 25.4, 22.5, 19.9, 14.0; IR (CHCl3, cm-1) 1725, 1548, 1346, 
1282; HRMS (FAB+) calcd for C15H21N2O6 ([M+H]+) 325.1394, found 325.1401. The enantiomeric 
excess was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak AD-
H 46 × 150 mm, 254 nm UV detector, room temperature eluent: (hexane/i-PrOH) 1:5, flow rate: 0.5 
mL/min, retention time (min) 11.2(R isomer), 8.1 (S isomer). []D23 = 29.5 (c 1.00, CHCl3) 









Trimethylcyclohexa-1-ol (120 mg, 0.850 mmol) and 3,5-dinitrobenzoic acid (6a) (198 mg, 0.935 
mmol) were used as substrates. 27 h. 57% yield (161 mg, 0.479 mmol, as an inseparable mixture of 
two diastereomers, 92:8 dr). Pale yellow solid, mp 9192 C. 1H NMR (600 MHz, CDCl3, for major 
isomer) δ 9.23−9.21 (m, 1H), 9.16−9.13 (m, 2H), 5.47 (t, J = 3.1 Hz, 1H), 2.03−1.96 (m, 2H), 
1.88−1.85 (m, 1H), 1.56−1.54 (m, 1H), 1.48−1.45 (m, 1H), 1.25−1.20 (m, 1H), 1.14 (s, 3H), 1.10−0.87 
(m, 7H) ; 1H NMR (600 MHz, CDCl3, for partial peaks of minor isomer)δ 5.22-5.28 (m, 1H) 
1 3 C 
NMR (150 MHz, CDCl3) δ 162.0, 148.7, 134.6, 129.3, 122.2, 74.7, 47.7, 41.4, 38.1, 33.7, 30.6, 27.5, 




The diastereomeric ratio was detemined from integration values of peaks 
of C1 [5.47 (t, J = 3.1 Hz, 1H, for major isomer), 5.22−5.28 (m, 1H, for minor isomer)]. 
 
 
(3S)-5α-Cholestan-3-yl, 3,5-dinitrobenzoate (7m).13 Dihydrocolesterol (329 mg, 0.850  mmol) and 
3,5-dinitrobenzoic acid (6a) (198 mg, 0.935 mmol) were used as substrates. 22 h. 67% yield (327 mg, 
0.561 mmol, as  an inseparable mixture of two diastereomers, 97:3 dr). Pale yellow crystal, mp 
159160 C (lit13 mp 160161 C). 1H NMR (600 MHz, CDCl3, for major isomer) δ 9.24−9.23 (m, 
1H), 9.15 (d, J = 2.1 Hz, 2H), 5.38 (s, 1H), 1.99 (dt, J = 12.7, 3.4 Hz, 1H), 1.92 (br-d, J = 15.1 Hz, 
1H), 1.86−1.81 (m, 2H), 1.70−1.64 (m, 4H), 1.56−1.48 (m, 4H), 1.37−0.78 (m, 19H), 0.91 (d, J = 6.5 
Hz, 3H),  0.87−0.85 (m, 9H), 0.67 (s, 3H) ; 1H NMR (600 MHz, CDCl3, for partial peaks of minor 
isomer)δ 4.54-4.51 (m, 1H); 13C NMR (150 MHz, CDCl3) 161.9, 148.6, 134.8, 129.4, 122.1, 73.8, 
56.4, 56.2, 54.2, 42.5, 40.5, 39.8, 39.5, 36.1, 35.9, 35.4, 33.1, 32.8, 31.8, 28.3, 28.2, 28.0, 26.2, 24.1, 
23.8, 22.8, 22.5, 20.8, 18.7, 12.1, 11.4; IR (CHCl3, cm-1) 1725, 1548, 1346, 1282; HRMS (FAB+) 
calcd for C34H51N2O6 ([M+H+) 583.3742, found: 583.3749; The diastereomer ratio was detemined 






(1S,2S,5R)-Menthyl-3,5-dinitrobenzoate (7n).14 (‒)-Menthol (132 mg, 0.850 mmol) and 3,5-
dinitrobenzoic acid (6a) (198 mg, 0.935 mmol) were used as substrates. 24 h. 28% yield (82.0 mg, 
0.233 mmol, as an inseparable mixture of two diastereomers, 25:75 dr). White solid, mp 126128 C 
(lit14 mp 153 C). 1H NMR (600 MHz, CDCl3) δ 9.23−9.22 (m, 1H), 9.15 (d, J = 2.1 Hz, 2H), 
5.09−5.05 (m, 1H), 2.13−2.11 (m, 1H), 1.93−1.87 (m, 1H), 1.80−1.76 (m, 1H), 1.67−1.48 (m, 2H), 
1.26−1.12 (m, 2H), 1.07−0.89 (m, 8H), 0.81 (d, J = 7.2 Hz, 3H); 1H NMR (600 MHz, CDCl3, for 
partial peaks of minor isomer)δ 9.13 (d, J = 2.4 Hz, 2H), 5.58 (s, 1H); 13C NMR (150 MHz, CDCl3) 
δ 162.0 (major), 161.9 (minor), 148.69 (minor), 148.65 (major), 134.7 (minor), 134.5 (major), 129.4 
(major), 129.3 (minor), 122.2 (major), 77.5 (major), 74.7 (minor), 47.0 (major), 46.9 (minor), 40.8 
(major), 39.0 (minor), 34.6 (minor), 34.0 (major), 31.5 (major), 26.9 (minor), 26.6 (major), 25.4 
(minor), 23.5 (major), 22.0 (minor), 21.9 (major), 20.9 (minor), 20.7 (major), 16.4 (major); IR (CHCl3, 
cm-1) 1724, 1548, 1346, 1280; HRMS (FAB+) calcd for C17H23N2O6 ([M+H]
+) 351.1551, found: 
351.1549; The diastereomeric ratio was detemined from integration values of peaks of C1 [5.05−5.09 
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All reactions were performed in oven-dried glassware. All reagents purchased commercially were used 
without further purification unless otherwise noted. Iron phthalocyanine was purchased from Tokyo 
Chemical Industry Co., Ltd. Dehydrated THF and CH2Cl2 were purchased from Kanto Chemical Co., 
Inc. Other solvents were dried with activated molecular sieves. Thin-layer chromatography (TLC) 
analysis was performed by illumination with a UV lamp (254 nm) or staining with PMA and heating. 
Melting points were recorded on Yanagimoto micro melting point apparatus and are uncorrected. IR 
spectra were recorded on Horiba IR-710 FT/IR spectrometer. 1H and 13C NMR spectra were recorded 
on JEOL JNM ECS400 (400 MHz and 100 MHz) and JEOL JNM ECA600 (600 MHz and 150 MHz) 
spectrometers. Chemical shifts (δ) are quoted relative to tetramethylsilane (1H NMR) and the signals 
of the residual solvent (13C NMR). Silica gel column chromatography was carried out on silica gel 
60N (Kanto Chemical Co., Inc., spherical, neutral, 40−50 μm). Mass spectra were recorded on JEOL 
JMS-T100TD (direct analysis in real time, DART or electrospray ionization, ESI).  
 
Starting materials: 











Other starting materials except ethyl 2-arylhydrazinecarboxylate were prepared from the 
corresponding phenylhydrazine derivatives and acyl chloride according to established methods.1−8  
 
 
2,2,2-Trichloroethyl 2-phenylhydrazinecarboxylate (1d). White solid, mp 109−111 °C. 1H NMR 
(400 MHz, CDCl3) δ 7.23 (t, J = 7.6 Hz, 2H), 6.97 (br, 1H), 6.91 (t, J = 7.6 Hz, 1H), 6.80 (d, J = 8.0 
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Hz, 2H), 5.86 (br, 1H), 4.78 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 155.3, 147.2, 129.2, 121.3, 113.0, 
95.1, 74.8; IR (CHCl3, cm-1) 3018, 2401, 1522, 1477, 1423, 1217; HRMS (DART+) calcd for 
C9H1035Cl3N2O2 ([M+H]+) 282.9808, found 282.9812. 
 
 
Isobutylic acid N´-phenylhydrazide (1h). White solid, mp 144−145 °C. 1H NMR (600 MHz, CDCl3) 
Rotamers were observed (Major/ Minor, 6.67/ 1). δ 7.55 (br, 1H, Major), 7.24−7.20 (m, 3H, Major 
and Minor), 6.95−6.88 (m, 4H, Major and Minor), 6.79 (d, J = 7.8 Hz, 2H, Major), 6.74 (d, J = 7.8 
Hz, 2H, Minor), 6.18 (br, 1H, Major), 5.77 (s, 1H, Minor), 3.07 (sep, J = 6.0 Hz, 1H, Minor), 2.45 
(sep, J = 6.6 Hz, 1H, Major), 1.20 (d, J = 6.6 Hz, 6H, Major), 1.12 (d, J = 6.6 Hz, 6H, Minor); 13C 
NMR (150 MHz, CDCl3) δ 177.0, 148.1, 147.3, 129.4, 129.1, 121.2, 113.5, 112.5, 33.7, 19.4, 19.0.; 
IR (CHCl3, cm-1) 3018, 2401, 1522, 1423, 1209; HRMS (DART+) calcd for C10H15N2O ([M+H]+) 
179.1184, found 179.1188. 
 
 
Ethyl 2-(4-aminophenyl)hydrazinecarboxylate (1j). Yellow oil. 1H NMR (600 MHz, CDCl3) δ 
6.72−6.66 (m, 3H), 6.59 (d, J = 8.4 Hz, 2H), 5.59 (br, 1H), 4.16 (q, J = 6.6 Hz, 2H), 3.43 (br, 2H), 
1.25 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 157.3, 140.6, 140.4, 116.2, 115.2, 61.6, 14.5; IR (CHCl3, 




Ethyl 2-(4-phenylphenyl)hydrazinecarboxylate (1m). White solid, mp 118−120 °C. 1H NMR (400 
MHz, CDCl3) δ 7.54−7.52 (m, 2H), 7.50−7.47 (m, 2H), 7.42−7.38 (m, 2H), 7.31−7.27 (m, 1H), 6.90 
(d, J = 8.8 Hz, 2H), 6.56 (br, 1H), 5.84 (br, 1H), 4.22 (q, J = 7.6 Hz, 2H), 1.29 (br, 3H); 13C NMR (100 
MHz, CDCl3) δ 157.2, 147.4, 141.0, 133.4, 128.7, 128.0, 126.6, 126.5, 113.3, 62.0, 14.5; IR (CHCl3, 






Ethyl 2-(4-cyanophenyl)hydrazinecarboxylate (1q). White solid, mp 140−141 °C. 1H NMR (400 
MHz, CDCl3) δ 7.50 (d, J = 8.88 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 6.62 (br, 1H), 6.21 (br, 1H), 4.21 
(q, J = 6.8 Hz, 2H), 1.28 (br, 3H); 13C NMR (100 MHz, CDCl3) δ 156.7, 151.6, 133.6, 119.5, 112.5, 
103.1, 62.4, 14.4; IR (CHCl3, cm-1) 3018, 2401, 1516, 1423, 1211; HRMS (DART+) calcd for 
C10H12N3O2 ([M+H]+) 206.0930, found 206.0921. 
 
 
Ethyl 2-(3-methoxyphenyl)hydrazinecarboxylate (1s). Yellow solid, mp 36−37 °C. 1H NMR (600 
MHz, CDCl3) δ 7.10 (t, J = 8.4 Hz, 1H), 6.73 (br, 1H), 6.43−6.35 (m, 3H), 5.90 (br, 1H), 4.17 (q, J = 
7.2 Hz, 2H), 3.73 (s, 3H), 1.26 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 160.6, 157.2, 149.5, 129.9, 
106.0, 105.5, 99.0, 61.8, 55.0, 14.4; IR (CHCl3, cm-1) 3018, 2401, 1522, 1423, 1209; HRMS (DART+) 
calcd for C10H15N2O3 ([M+H]+) 211.1083, found 211.1086. 
 
 
Ethyl 2-m-tolylhydrazinecarboxylate (1t). White solid, mp 68−70 °C.1H NMR (400 MHz, CDCl3) 
δ 7.11 (t, J = 7.2 Hz, 1H), 6.70 (d, J = 7.2 Hz, 1H), 6.62−6.58 (m, 3H), 5.75 (br, 1H), 4.19 (q, J = 7.2 
Hz, 2H), 2.28 (s, 3H), 1.27 (br, 3H); 13C NMR (100 MHz, CDCl3) δ 157.2, 148.0, 139.0, 129.0, 121.8, 
113.7, 110.1, 61.8, 21.5, 14.5; IR (CHCl3, cm-1) 3018, 2434, 1522, 1423, 1209; HRMS (DART+) calcd 
for C10H15N2O2 ([M+H]+) 195.1134, found 195.1137. 
 
 
Ethyl 2-(3-chlorophenyl)hydrazinecarboxylate (1u). White solid, mp 67−68 °C. 1H NMR (600 
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MHz, CDCl3) δ 7.14 (t, J = 8.4 Hz, 1H), 6.86-6.83 (m, 2H), 6.69 (d, J = 7.8 Hz, 1H), 6.51 (br, 1H), 
5.83 (br, 1H), 4.21 (q, J = 7.2 HZ, 2H), 1.29 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 156.9, 149.3, 
135.1, 130.2, 120.9, 113.0, 111.2, 62.1, 14.5; IR (CHCl3, cm-1) 3018, 2401, 1522, 1423, 1211; HRMS 
(DART+) calcd for C9H1235ClN2O2 ([M+H]+) 215.0587, found 215.0593. 
 
 
Ethyl 2-o-tolylhydrazinecarboxylate (1w). White solid, mp 69−70 °C.1H NMR (600 MHz, CDCl3) 
δ 7.12 (t, J = 7.8 Hz, 1H), 7.06 (d, J = 7.2 Hz, 1H), 6.86 (d, J = 7.8 Hz, 1H), 6.82 (t, J = 7.2 HZ, 1H), 
6.57 (br, 1H), 5.68 (br, 1H), 4.19 (q, J = 6.6 Hz, 2H), 2.20 (s, 3H), 1.28 (br, 3H); 13C NMR (150 MHz, 
CDCl3) δ 157.1, 145.7, 130.4, 126.9, 122.5, 120.6, 111.6, 61.8, 16.9, 14.5; IR (CHCl3, cm-1) 3018, 
2401, 1522, 1423, 1213; HRMS (DART+) calcd for C10H15N2O2 ([M+H]+) 195.1134, found 195.1135. 
 
 
Ethyl 2-(2-bromophenyl)hydrazinecarboxylate (1y). Yellow needle, mp 86−87 °C. 1H NMR (400 
MHz, CDCl3) δ 7.43 (dd, J = 7.6 Hz, 1.6 Hz, 1H), 7.22 (td, J = 8.8 Hz, 1.6 Hz, 1H), 6.93 (dd, J = 8.4 
Hz, 1.6 Hz, 1H), 6.77 (td, J = 7.6 Hz, 1.6 Hz, 1H), 6.54 (br, 1H), 6.22(br, 1H), 4.20 (q, J = 6.8 Hz, 
2H), 1.27 (br, 3H); 13C NMR (100 MHz, CDCl3) δ 156.8, 144.8, 132.6, 128.4, 121.6, 113.4, 108.5, 
62.1, 14.5; IR (CHCl3, cm-1) 3018, 2401, 1522, 1423, 1209; HRMS (DART+) calcd for C9H1279BrN2O2 
([M+H]+) 259.0082, found 259.0083. 
 
 
Ethyl 2-(4-bromo-3-chlorophenyl)hydrazinecarboxylate (1ac). White solid, mp 125−126 °C. 1H 
NMR (600 MHz, CDCl3) δ 7.41 (d, J = 8.4 Hz, 1H), 6.94 (d, J = 2.4 Hz, 1H), 6.61−6.59 (m, 1H), 6.53 
(br, 1H), 5.89 (br, 1H), 4.20 (q, J = 6.6 Hz, 2H), 1.29 (br, 3H); 13C NMR (150 MHz, CDCl3) δ 156.9, 
148.4, 135.0, 133.9, 114.6, 112.9, 112.6, 62.3, 14.5; IR (CHCl3, cm-1) 3018, 2401, 1522, 1471, 1423, 





Ethyl 2-(2,3,4,5,6-pentafluorophenyl)hydrazinecarboxylate (1ad). White solid, mp 138−141 °C. 
1H NMR (400 MHz, CDCl3) δ 6.78 (br, 1H), 5.89 (br, 1H), 4.17 (q, J = 6.8 Hz, 2H), 1.26 (t, J = 6.8 
Hz, 3H); 13C NMR (100 MHz, CDCl3) δ160.7, 145.2, 143.2, 142.3, 136.9, 65.2, 14.1; IR (CHCl3, cm-





Ethyl 2-naphthylhydrazinecarboxylate (1ae). Pink solid, mp 115−116 °C. 1H NMR (400 MHz, 
CDCl3) δ 7.71 (t, J = 8.0 Hz, 2H), 7.66 (d, J = 8.4 Hz, 1H), 7.40 (td, J = 6.8 Hz, 1.6 Hz, 1H), 7.28 (td, 
J = 8.0 Hz, 0.8 Hz, 1H), 7.13 (br, 1H), 7.02 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 6.63 (br, 1H), 5.95 (br, 1H), 
4.22 (q, J = 7.6 Hz, 2H), 1.28 (br, 3H); 13C NMR (100 MHz, CDCl3) δ 157.2, 145.6, 134.4, 129.3, 
129.2, 127.7, 126.6, 126.4, 123.4, 115.6, 107.1, 62.0, 14.5; IR (CHCl3, cm-1) 3018, 2401, 1522, 1423, 
1211; HRMS (DART+) calcd for C13H15N2O2 ([M+H]+) 231.1134, found 231.1127. 
 
 
Dodecyl 2-phenylhydrazinecarboxylate (1ag). White solid, mp 46−47 °C. 1H NMR (600 MHz, 
CDCl3) δ 7.24 (t, J = 7.2 Hz, 2H), 6.89 (t, J = 7.2 Hz, 1H), 6.84−6.82 (m, 2H), 6.50 (br, 1H), 5.75 (br, 
1H), 4.13 (br, 2H), 1.64 (br, 2H), 1.30−1.26 (m, 18H), 0.88 (t, J = 6.6 Hz, 3H); 13C NMR (150 MHz, 
CDCl3) δ 157.1, 148.0, 129.2, 121.0, 113.0, 66.1, 31.9, 29.6, 29.5, 29.5, 29.3, 29.2, 28.9, 25.7, 22.7; 
IR (CHCl3, cm-1) 2927, 2360, 1731, 1604, 1496, 1232; HRMS (DART+) calcd for C19H33N2O2 
([M+H]+) 321.2542, found 321.2549. 
 
 
Dodecyl (4-nitrophenyl)hydrazinecarboxylate (1ah). Brown solid, mp 105−106 °C. 1H NMR (600 
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MHz, CDCl3) δ 8.13 (d, J = 9.0 Hz, 2H), 6.83 (d, J = 9.0 Hz, 2H), 6.63 (br, 1H), 6.38 (br, 1H), 4.15 
(br, 2H), 1.63 (br, 2H), 1.29-1.26 (m, 18H), 0.88 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) 
δ156.6, 153.4, 141.1, 125.9, 111.6, 66.7, 31.9, 29.6; 29.5, 29.3, 29.2, 28.8, 25.7, 22.7, 14.1; IR (CHCl3, 
cm-1) 3018, 2927, 2856, 2362, 1735, 1600, 1336, 1232, 1209. 
 
General procedure for aerobic oxidation of hydrazines: 
To a stirred solution of a hydrazine compound (0.2 mmol) in CH2Cl2 (1 mL) was added iron 
phthalocyanine (5.68 mg, 0.01 mmol), and the mixture was stirred at room temperature under air 
atmosphere until completion of the reaction. After the reaction mixture was filtered through Celite®, 
the solvent was removed under reduced pressure. The crude material was purified by silica gel 




Methyl 2-phenylazocarboxylate (2b). 6 h. 87% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H NMR (400 
MHz, CDCl3) δ 7.95−7.92 (m, 2H), 7.62−7.58 (m, 1H), 7.56−7.51 (m, 2H), 4.08 (s, 3H); 13C NMR 
(100 MHz, CDCl3) δ 162.6, 151.6, 133.9, 129.3, 123.8, 54.8; IR (CHCl3, cm-1) 3622, 3018, 2401, 1759, 
1522, 1423, 1209; HRMS (DART+) calcd for C8H9N2O2 ([M+H]+) 165.0664, found 165.0668. 
 
 
Benzyl 2-phenylazocarboxylate (2c). 7.5 h. 92% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H NMR 
(400 MHz, CDCl3) δ 7.94−7.91 (m, 2H), 7.60-7.55 (m, 1H), 7.53-7.47 (m, 4H), 7.42-7.34 (m, 3H), 
5.46 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 162.1, 151.6, 134.4, 133.9, 129.3, 128.9, 128.7, 123.8, 
69.9; IR (CHCl3, cm-1) 3620, 3018, 2401, 1755, 1522, 1506, 1423, 1209; HRMS (DART+) calcd for 
C14H13N2O2 ([M+H]+) 241.0977, found 241.0968. 
 
 
2,2,2,-Trichloroethyl 2-phenylazocarboxylate (2d). 4 h. 99% yield. Red solid, mp 33−34 °C. Elute: 
Hex/AcOEt=6:1.1H NMR (400 MHz, CDCl3) δ 8.01−7.98 (m, 2H), 7.65−7.61 (m, 1H), 7.58−7.54 (m, 
2H), 5.07 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 160.6, 151.6, 134.6, 129.4, 124.2, 93.9; IR (CHCl3, 
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cm-1) 3620, 3018, 2401, 1766, 1522, 1475, 1227, 1207; HRMS (DART+) calcd for C9H835Cl3N2O2 
([M+H]+) 280.9651, found 280.9660. 
 
 
tert-Butyl 2-phenylazocarboxylate (2e).9 19 h. 95% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H NMR 
(400 MHz, CDCl3) δ 7.90 (d, J = 7.6 Hz, 2H), 7.58−7.49 (m, 3H), 1.66 (s, 9H); 13C NMR (100 MHz, 
CDCl3) δ 161.2, 151.6, 133.3, 129.2, 123.5, 85.0, 27.8. 
 
 
Benzoylazobenzene (2f). 3 h. 90% yield. Red oil. Elute: Hex/AcOEt=10:1. 1H NMR (400 MHz, 
CDCl3) δ 8.07 (d, J = 3.6 Hz, 2H), 8.00 (d, J = 3.6 Hz, 2H), 7.66 (t, J = 7.2 Hz, 1H), 7.61−7.51 (m, 
5H); 13C NMR (100 MHz, CDCl3) δ 182.0, 152.1, 134.5, 133.4, 130.8, 130.5, 129.3, 128.9, 123.6; IR 
(CHCl3, cm-1) 3620, 3018, 2401, 1708, 1522, 1506, 1423, 1223, 1207; HRMS (DART+) calcd for 
C13H11N2O1 ([M+H]+) 211.0871, found 211.0871. 
 
 
Pivaloylazobenzene (2g).10 4 h. 84% yield. Red oil. Elute: Hex/AcOEt=10:1. This compound was 
isolable but somewhat sensitive to moisture. 1H NMR (600 MHz, CDCl3) δ 7.86 (d, J = 7.2 Hz, 2H), 




Isobutyrylazobenzene (2h).11 4 h. 97% yield. Red oil. Elute: Hex/AcOEt=10:1. 1H NMR (400 MHz, 






1-Phenyl-2-tosyldiazene (2i).7 7 h, 57% yield. Yellow oil. Elute: Hex/AcOEt = 10:1. 1H NMR (400 
MHz, CDCl3) δ 7.87 (dt, J = 8.4 Hz, 2.0 Hz, 2H), 7.84−7.81 (m, 2H), 7.59 (tt, J = 7.4 Hz, 2.0 Hz, 1H), 
7.52−7.47 (m, 2H), 7.41−7.39 (m, 2H), 2.48 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 149.1, 146.0, 
134.8, 130.4, 130.0, 129.9, 129.5, 124.5, 21.2. 
 
 
Ethyl 2-(4-aminophenyl)azocarboxylate (2j). 4 h. 87% yield. Red oil. Elute: Hex/AcOEt=3:1. 1H 
NMR (600 MHz, CDCl3) δ 7.86 (d, J = 7.8 Hz, 2H), 6.75 (d, J = 7.8 Hz, 2H), 4.51−4.46 (m, 4H), 1.46 
(t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 162.1, 153.0, 144.5, 127.5, 114.2, 63.8, 14.2; IR 
(CHCl3, cm−1) v 3685, 3620, 3018, 2401, 1522, 1423, 1223, 1045; HRMS (DART+) calcd for 
C9H12N3O2 ([M+H]+) 194.0930, found 194.0938. 
 
 
Ethyl 2-(4-methoxyphenyl)azocarboxylate (2k).1 3 h. 99% yield. Red oil. Elute: Hex/AcOEt=6:1. 
1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.8 Hz, 2H), 7.01 (d, J = 9.2 Hz, 2H), 4.51 (q, J = 6.8 Hz, 
2H), 3.91 (s, 3H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 164.6, 162.1, 146.1, 126.5, 
114.5, 64.2, 55.7, 14.2. 
 
 
Ethyl 2-p-tolylazocarboxylate (2l).1 4 h. 99% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H NMR (400 
MHz, CDCl3) δ 7.84 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 4.51 (q, J = 7.2 Hz, 2H), 2.44 (s, 






Ethyl 2-(4-phenylphenyl)azocarboxylate (2m). 3 h. 98% yield. Orange solid, mp 39−40 °C. Elute: 
Hex/AcOEt=10:1. 1H NMR (600 MHz, CDCl3) δ 8.02 (dt, J = 9.0 Hz, 2.4 Hz, 2H), 7.70 (dt, J = 9.0 
Hz, 2.4 Hz, 2H), 7.65 (dt, J = 7.8 Hz, 1.8 Hz, 2H), 7.48(td, J = 7.2 Hz, 1.2 Hz, 2H), 7.41 (tt, J = 7.2 
Hz, 1.2 Hz, 1H), 4.53 (q, J = 7.2 Hz, 2H), 1.48 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 
162.1, 150.7, 146.7, 139.5, 129.0, 128.5, 127.9, 127.2, 124.4, 64.4, 14.2; IR (CHCl3, cm-1) 3620, 
3018, 2401, 1749, 1516, 1423, 1223, 1209; HRMS (DART+) calcd for C15H15N2O2 ([M+H]+) 
255.1134, found 255.1141. 
 
 
Ethyl 2-(4-fluorophenyl)azocarboxylate (2n).1 3 h. 98% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.4 Hz, 2H), 7.21 (t, J = 8.4 Hz, 2H), 4.52 (q, J = 7.6 Hz, 2H), 
1.47 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 166.1 (d, JC-F = 255.5 Hz), 162.0, 148.2, 126.2 
(d, JC-F = 9.6 Hz), 116.5 (d, JC-F = 22.9 Hz), 64.5, 14.1. 
 
 
Ethyl 2-(4-chlorophenyl)azocarboxylate (2o).1 4 h. 96% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 4.52 (q, J = 7.2 Hz, 2H), 
1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.9, 149.9, 140.1, 129.7, 125.0, 64.6, 14.1. 
 
 
Ethyl 2-(4-bromophenyl)azocarboxylate (2p). 4 h. 97% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 8.8 Hz, 2H), 4.52 (q, J = 7.2 Hz, 2H), 
1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.9, 150.3, 132.7, 128.8, 125.1, 64.6, 14.1; 
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IR (CHCl3, cm-1) 3622, 3018, 2401, 1751, 1522, 1423, 1221, 1207; HRMS (DART+) calcd for 
C9H1079BrN2O2 ([M+H]+) 256.9926, found 256.9918.  
 
 
Ethyl 2-(4-cyanophenyl)azocarboxylate (2q). 7 h. 99% yield. Red solid, mp 46−47 °C. Elute: 
Hex/AcOEt=6:1. 1H NMR (600 MHz, CDCl3) δ 8.00 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.4 Hz, 2H), 
4.55 (q, J = 7.2 Hz, 2H), 1.48 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 161.7, 153.1, 133.4, 
124.0, 117.7, 116.7, 64.9, 14.1; IR (CHCl3, cm-1) 3620, 3018, 2401, 1759, 1516, 1423, 1223, 1209; 
HRMS (DART+) calcd for C10H10N3O2 ([M+H]+) 204.0773, found 204.0765. 
 
 
Ethyl 2-(4-nitrophenyl)azocarboxylate (2r).1 19 h. 83% yield. Red crystal. Elute: Hex/AcOEt=6:1. 
1H NMR (400 MHz, CDCl3) δ 8.41 (dt, J = 9.2 Hz, 2.4 Hz, 2H), 8.06 (dt, J = 9.2 Hz, 2.8 Hz, 2H), 
4.56 (q, J = 6.8 Hz, 2H), 1.49 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 1161.6, 154.3, 150.4, 
124.8, 124.3, 65.0, 14.1. 
 
 
Ethyl 2-(3-methoxyphenyl)azocarboxylate (2s). 7 h. 99% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 1H), 7.46−7.41 (m, 2H), 7.15 (dd, J = 6.0 Hz, 3.6 Hz, 
1H), 4.53 (q, J = 7.2 Hz, 2H), 3.86 (s, 3H), 1.48 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 
162.1, 160.3, 152.8, 130.0, 121.1, 118.9, 105.3, 64.5, 55.5, 14.1; IR (CHCl3, cm-1) 3620, 3018, 2401, 





Ethyl 2-m-tolylazocarboxylate (2t). 5 h. 99% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H NMR (400 
MHz, CDCl3) δ 7.77−7.73 (m, 2H), 7.44−7.39 (m, 2H), 4.52 (q, J = 7.2 Hz, 2H), 2.43 (s, 3H), 1.47 (t, 
J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 162.1, 151.7, 139.3, 134.6, 129.1, 123.5, 121.7, 64.4, 
21.2, 14.2; IR (CHCl3, cm-1) 3620, 3018, 2401, 1751, 1504, 1423, 1369, 1225, 1209; HRMS (DART+) 
calcd for C10H13N2O2 ([M+H]+) 193.0977, found 193.0978. 
 
 
Ethyl 2-(3-chlorophenyl)azocarboxylate (2u). 6 h. 96% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (400 MHz, CDCl3) δ 7.89−7.85 (m, 2H), 7.57−7.55 (m, 1H), 7.49 (t, J = 8.0 Hz, 1H), 4.53 (q, J 
= 6.8 Hz, 2H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.8, 152.3, 135.5, 133.4, 
130.4, 123.3, 122.3, 64.7, 14.1; IR (CHCl3, cm-1) 3620, 3018, 2401, 1754, 1508, 1427, 1247, 1220, 
1209; HRMS (DART+) calcd for C9H1035ClN2O2 ([M+H]+) 213.0431, found 213.0434. 
 
 
Ethyl 2-(3-nitrophenyl)azocarboxylate (2v). 7 h. 96% yield. Orange solid, mp 47 °C. Elute: 
Hex/AcOEt=6:1. 1H NMR (600 MHz, CDCl3) δ 8.70 (s, 1H), 8.46 (d, J = 8.4 Hz, 1H), 8.27 (d, J = 7.8 
Hz, 1H), 7.77 (t, J = 8.4 Hz, 1H), 4.56 (q, J = 7.2 Hz, 2H), 1.49 (t, J = 7.2 Hz, 3H); 13C NMR (150 
MHz, CDCl3) δ 161.6, 151.8, 149.0, 130.3, 129.6, 127.4, 117.8, 65.0, 14.1; IR (CHCl3, cm-1) 3620, 




Ethyl 2-o-tolylazocarboxylate (2w). 24 h. 95% yield. Red oil. Elute: Hex/AcOEt=6:1.1H NMR (400 
MHz, CDCl3) δ 7.57 (d, J = 8.4 Hz, 1H), 7.46 (t, J = 7.2 Hz, 1H), 7.35 (d, J = 7.6 Hz, 1H), 7.24 (t, J 
= 7.2 Hz, 1H), 4.51 (q, J = 7.2 Hz, 2H), 2.69 (s, 3H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 162.6, 149.9, 140.6, 133.7, 131.7, 126.4, 115.2, 64.3, 17.4, 14.2; IR (CHCl3, cm-1) 3620, 
3018, 2401, 1751, 1500, 1423, 1223, 1207; HRMS (DART+) calcd for C10H13N2O2 ([M+H]+) 
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193.0977, found 193.0978. 
 
 
Ethyl 2-(2-chlorophenyl)azocarboxylate (2x). 46 h. 92% yield. Orange solid, mp 31−32 °C. Elute: 
Hex/AcOEt=6:1. 1H NMR (600 MHz, CDCl3) δ7.62 (dd, J = 7.8 Hz, 1.8 Hz, 1H), 7.59 (dd. J = 7.8 
Hz, 1.8 Hz, 1H), 7.50 (td, J = 7.2 Hz, 1.8 Hz, 1H), 7.33 (td, J = 7.2 Hz, 1.8 Hz, 1H), 4.53 (q, J = 7.2 
Hz, 2H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 162.0, 147.9, 137.3, 134.4, 131.1, 
127.3, 117.2, 64.6, 14.1; IR (CHCl3, cm-1) 3620, 3018, 2401, 1522, 1423, 1221, 1207; HRMS 
(DART+) calcd for C9H1035ClN2O2 ([M+H]+) 213.0431, found 213.0429. 
 
 
Ethyl 2-(2-bromophenyl)azocarboxylate (2y). 48 h. 94% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (600 MHz, CDCl3) δ 7.78 (d, J = 7.8 Hz, 1H), 7.59-7.58 (m, 1H), 7.42-7.38 (m, 2H), 4.53 (q, J 
= 7.2 Hz, 2H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 161.8, 148.9, 134.4, 134.2, 
128.0, 127.4, 117.4, 64.6, 14.1; IR (CHCl3, cm-1) 3620, 3018, 2401, 1755, 1508, 1425, 1225, 1209; 
HRMS (DART+) calcd for C9H1079BrN2O2 ([M+H]+) 256.9926, found 256.9926. 
 
 
Ethyl 2-(2-nitrophenyl)azocarboxylate (2z). 84 h. 95% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H 
NMR (600 MHz, CDCl3) δ 8.01−7.99 (m, 1H), 7.73−7.70 (m, 2H), 7.53−7.51 (m, 1H), 4.54 (q, J = 
7.2 Hz, 2H), 1.48 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 161.1, 147.7, 144.5, 133.4, 124.4, 
117.9, 65.0, 14.1; IR (CHCl3, cm-1) 3019, 2414, 1762, 1536, 1351, 1249; HRMS (DART+) calcd for 





Ethyl 2-(3,5-dichlorophenyl)azocarboxylate (2aa). 7 h. 95% yield. Red oil. Elute: Hex/AcOEt=6:1. 
1H NMR (400 MHz, CDCl3) δ 7.81 (dd, J = 1.6 Hz, 2H), 7.57 (t, J = 2.0 Hz, 1H), 4.53 (q, J = 7.6 Hz, 
2H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 161.5, 152.4, 136.0, 132.9, 122.1, 64.9, 
14.1; IR (CHCl3, cm-1) 3620, 3018, 2401, 1757, 1518, 1431, 1221, 1211; HRMS (DART+) calcd for 
C9H935Cl2N2O2 ([M+H]+) 247.0041, found 247.0047.  
 
 
Ethyl 2-(3,4-dichlorophenyl)azocarboxylate (2ab). 4 h. 99% yield. Red crystal. Elute: 
Hex/AcOEt=6:1. 1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 2.0 Hz, 1H), 7.81 (dd, J = 8.4 Hz, 2.4 Hz, 
1H), 7.64 (d, J = 8.8 Hz, 1H), 4.53 (q, J = 7.2 Hz, 2H), 1.47 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, 
CDCl3) δ 161.6, 150.3, 138.1, 134.0, 131.2, 124.6, 123.5, 64.8, 14.1. 
 
 
Ethyl 2-(4-bromo-3-chlorophenyl)azocarboxylate (2ac). 3 h. 99% yield. Red needle, mp 42 °C. 
Elute: Hex/AcOEt=6:1. Red solid. 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 2.0 Hz, 1H), 7.82 (d, J 
= 8.0 Hz, 1H), 7.71 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 4.53 (q, J = 7.2 Hz, 2H), 1.47 (t, J = 7.2 Hz, 3H); 13C 
NMR (100 MHz, CDCl3) δ 161.6, 150.9, 136.0, 134.5, 128.6, 124.4, 123.4, 64.8, 14.1; IR (CHCl3, cm-
1) 3620, 3018, 2401, 1757, 1522, 1419, 1219, 1207; HRMS (DART+) calcd for C9H979Br35ClN2O2 
([M+H]+) 290.9536, found 290.9542. 
 
 
Ethyl 2-(2,3,4,5,6-pentafluorophenyl)azocarboxylate (2ad). 9 h, 79% yield. Red oil. Elute: 
Hex/AcOEt=15:1. 1H NMR (400 MHz, CDCl3) δ 4.57−4.51 (m, 2H), 1.50−1.46 (m, 3H); 13C NMR 
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(100 MHz, CDCl3) δ 160.7, 145.2, 143.2, 142.3, 136.9, 65.2, 14.1; IR (CHCl3, cm-1) 3619, 2401, 1762, 
1523, 1423, 1209; HRMS (DART+) calcd for C9H6F5N2O2 ([M+H]+) 269.0349, found 269.0340. 
 
 
Ethyl 2-naphtylazocarboxylate (2ae). 5 h. 99% yield. Red oil. Elute: Hex/AcOEt=15:1. 1H NMR 
(400 MHz, CDCl3) δ 8.60 (s, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.93−7.89 (m, 3H), 7.64−7.56 (m, 2H), 
4.55 (q, J = 7.6 Hz, 2H), 1.49 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 162.2, 149.3, 136.1, 
133.0, 132.3, 129.9, 129.5, 129.0, 128.0, 127.2, 115.4, 64.4, 14.2; IR (CHCl3, cm-1) 3620, 3018, 2401, 




Azobenzene (2af).6 3 h. 93% yield. Red oil. Elute: Hex/AcOEt=6:1. 1H NMR (600 MHz, CDCl3) δ 
7.93−7.92 (m, 4H), 7.53−7.50 (m, 4H), 7.48−7.45 (m, 2H); 13C NMR (150 MHz, CDCl3) δ 152.7, 
131.0, 129.1, 122.8. 
 
 
Dodecyl 2-phenylazocarboxylate (2ag). 6 h, 96% yield. Red solid, mp 43−44 °C. Elute: 
Hex/AcOEt=10:1. 1H NMR (600 MHz, CDCl3) δ 7.94 (d, J = 7.8 Hz, 2H), 7.58 (t, J = 7.2 Hz, 1H), 
7.53 (t, J = 7.8 Hz, 2H), 4.45 (t, J = 7.2 Hz, 2H), 1.83 (quin, J = 7.2 Hz, 2H), 1.47−1.20 (m, 18H), 
0.88 (t, J = 7.2 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 162.4, 151.6, 137.8, 129.3, 123.7, 68.6, 31.9, 
29.6, 29.5, 29.4, 29.3, 29.2, 28.5, 25.7, 22.7, 15.2, 14.1; IR (CHCl3, cm-1) 3669, 3018, 2927, 2856, 






Dodecyl (4-nitrophenyl)azocarboxylate (2ah). 6 h, 96% yield. Red solid, mp 105−106 °C. Elute: 
Hex/AcOEt=10:1. 1H NMR (400 MHz, CDCl3) δ 8.41 (d, J = 8.8 Hz, 2H), 8.06 (d, J = 8.8 Hz, 2H), 
4.48 (t, J = 7.2 Hz, 2H), 1.84 (quin, J = 7.6 Hz, 2H), 1.45−1.26 (m, 18H), 0.88 (t, J = 8.4 Hz, 3H); 13C 
NMR (100 MHz, CDCl3) δ 161.7, 154.2, 150.3, 124.8, 124.3, 69.1, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 
28.5, 25.6, 22.7, 14.1;IR (CHCl3, cm-1) 3689, 3018, 2927, 2856, 2339, 1758, 1533, 1348, 1259. 
 
General methods for kinetic measurements: 
A solution of ethyl arylhydrazinecarboxylate (1 mmol) and dimethyl sulfone (94.1 mg, 1 mmol, 
internal standard) in CDCl3 (5 mL) was prepared in a 10 mL round-bottom flask. Iron phthalocyanine 
(28.4 mg, 0.05 mmol) was added to the stirred solution at 22 ˚C under air atmosphere (defined as 0 
min). A small amount (ca. 0.1 mL) of a sample was taken from the reaction mixture every 10 min the 
mixture was stirred, the sample was rapidly filtered through Celite®. An obtained clear solution was 
diluted with CDCl3 and the solution was analyzed by 1H NMR. The amount of the azo product was 
estimated from the integration value (Full relaxation was confirmed). 
 
Michaelis-Menten plot: 
According to standard conditions, the reaction was conducted using various concentrations of ethyl 
phenylhydrazinecarboxylate (9.0 mg, 0.05 mmol; 18.0 mg, 0.1 mmol; 27.0 mg, 0.15 mmol; 45.0 mg, 
0.25 mmol; 90.1 mg, 0.5 mmol; 180.2 mg, 1 mmol; 270.3 mg, 1.5 mmol) and iron phthalocyanine 
(28.4 mg, 0.05 mmol) in CDCl3 (5 mL), and a small amount of a sample was taken from the reaction 
mixture after 3 min. After the sample was filtered through Celite®, an obtained clear solution was 
diluted with CDCl3 and the solution was analyzed by 1H NMR. Each experiment was independently 
performed three times.  
 
Entry Substrate (M) Product (M) 
Run 1 Run 2 Run 3 
1 0.02 0.0033 0.003 0.03 
2 0.03 0.00345 0.00435 0.00435 
3 0.05 0.00725 0.0085 0.0055 
4 0.1 0.0105 0.0105 0.0105 
5 0.2 0.013 0.013 0.013 
6 0.3 0.0135 0.0135 0.0135 
Table S1. Michaelis-Menten plot. 
 
Effects of a catalytic amount of iron phthalocyanine: 
According to standard conditions, the reaction was conducted using ethyl phenylhydrazinecarboxylate 
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(180.2 mg, 1 mmol) and various concentrations of iron phthalocyanine (2.8 mg, 0.5 mol%; 11.4 mg, 
2 mol%; 28.4 mg, 5 mol%; 56.8 mg, 10 mol%; 113.7 mg, 20 mol%) in CDCl3 (5 mL), and a small 
amount of a sample was taken from the reaction mixture after 10 min. After the sample was filtered 
through Celite®, an obtained clear solution was diluted with CDCl3 and the solution was analyzed by 
1H NMR. Each experiment was independently performed three times. 
 
Entry Fe(Pc) (mol%) Yield (%) 
Run 1 Run 2 Run 3 
1 0.5 0 0.05 0.05 
2 2 2.5 3.5 3.5 
3 5 8.5 11.0 9.5 
4 10 18.5 21.5 19.5 
5 20 40.0 41.0 29.0 
Table S2. Effects of a catalytic amount of iron phthalocyanine. 
 
 
Effects of substitution groups: 
According to standard conditions, kinetic experiments were conducted using ethyl 2-
phenylhydrazinecarboxylate (X = H, Figure S4), , Figure S5), , Figure S6, , Figure S7), , Figure 






Figure S1. Ethyl 2-(4-fluorophenyl)hydrazinecarboxylate (X = F) 
 
 
Figure S2. Ethyl 2-(4-chlorophenyl)hydrazinecarboxylate (X = Cl) 
 









































Figure S4. Ethyl 2-(4-phenylphenyl)hydrazinecarboxylate (X = Ph) 
 





































Figure S5. Ethyl 2-(4-methylphenyl)hydrazinecarboxylate (X = Me) 
 
 
Figure S6. Ethyl 2-(4-methoxyphenyl)hydrazinecarboxylate (X = OMe) 
 
Effects of oxygen pressure: 
A solution of ethyl arylhydrazinecarboxylate (0.2 mmol) and dimethyl sulfone (18.8 mg, 0.2 mmol, 
internal standard) in CDCl3 (1 mL) was prepared in an autoclave. Iron phthalocyanine (5.7 mg, 0.01 
mmol) was added to the stirred solution at 22 ˚C under argon atmosphere. The autoclave was sealed 




































and oxygen gas (1, 3 or 5 atm) was supplied to the autoclave. After the mixture was stirred for 10 min 
and the oxygen gas was vented from the autoclave, the reaction mixture was rapidly filtered through 
Celite®. An obtained clear solution was diluted with CDCl3 and the solution was analyzed by 1H NMR. 
The yield of the azo product was estimated from the integration value (Full relaxation was confirmed). 
Each experiment was independently performed three times. 
  
Entry O2 (atm) Yield (%) 
Run 1 Run 2 Run 3 
1 1 52.5 50.5 45 
2 3 42.5 43 50 
3 5 37 43 31.5 
Table S3. Effects of oxygen pressure. 
 
General procedure for condensation between 1-acyl-2-phenylhydrazines and an alcohol:  
To a mixture of 1-acyl-2-phenylhydrazine (0.4 mmol), 2-phenylethanol (53.8 mg, 0.44 mmol), and  
activated molecular sieves 5Å (200 mg) in CH2Cl2 (2 mL) was added iron phthalocyanine (11.4 mg, 
0.02 mmol), and the mixture was stirred under air atmosphere at room temperature until completion 
of the reaction. After the reaction mixture was filtrated, the solvent was removed under reduced 
pressure. The crude material was purified by silica gel chromatography (n-hexane/EtOAc) to give the 
corresponding ester compound.  
   
2-Phenylethyl acetate (3a).12 
12 h. 74% yield. Pale yellow oil. Elute: Hex/AcOEt = 20:1. 1H NMR (600 MHz, CDCl3) δ 7.31 (2H, 
t, J = 7.2 Hz), 7.24−7.22 (3H, m), 4.28 (2H, t, J = 7.0 Hz), 2.94 (2H, t, J = 7.0 Hz), 2.04 (3H, s); 13C 
NMR (150 MHz, CDCl3) δ 171.0, 137.8, 128.9, 128.5, 126.5, 64.9, 35.1, 21.0.  
   
2-Phenylethyl octanoate (3b).13 
18 h. 82% yield. Pale yellow oil. Elute: Hex/AcOEt= 20:1. 1H NMR (600 MHz, CDCl3) 7.30 (2H, t, J 
= 7.2 Hz), 7.24−7.21 (3H, m), 4.29 (2H, t, J = 7.0 Hz), 2.93 (2H, t, J = 7.0 Hz), 2.28 (2H, t, J = 7.6 
Hz), 1.59 (2H, tt, J = 7.2, 7.2 Hz), 1.32−1.23 (8H, m), 0.88 (3H, t, J = 7.0 Hz); 13C NMR (150 MHz, 
CDCl3) δ 173.8, 137.9, 128.9, 128.4, 126.5, 64.7, 32.1, 34.3, 31.6, 29.0, 28.9, 24.9, 22.6, 14.1.  
  
General procedure for condensation between 1-acyl-2-phenylhydrazines and an amine:  
To a mixture of 1-acyl-2-phenylhydrazine (0.4 mmol) and activated molecular sieves 5Å (200 mg) in 
CH2Cl2 (2 mL) was added iron phthalocyanine (11.4 mg, 0.02 mmol), and the mixture was stirred 
under air atmosphere at room temperature. After the starting hydrazide was disappeared on TLC (ca. 
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6 h), p-bromoaniline (75.5 mg, 0.44 mmol) was added to the reaction mixture, and the resultant 
mixture was further stirred until completion of the reaction. After the reaction mixture was filtrated, 
the solvent was removed under reduced pressure. The crude material was purified by silica gel 
chromatography (n-hexane/EtOAc) to give the corresponding amide compound.  
   
N-(4-Bromophenyl) acetamide (4a).14 
24 h. 71% yield. Pale yellow solid. Elute: Hex/AcOEt= 5:1. 1H NMR (600 MHz, CDCl3) δ 7.42−7.40 
(4H, m), 7.34 (1H, br-s), 2.17 (3H, s). 13C NMR (150 MHz, CDCl3) δ 168.3, 136.9, 131.9, 121.4, 116.9, 
24.6. 
  
N-(4-Bromophenyl) octanamide (4b).15  
24 h. 79% yield. Pale yellow solid. Elute: Hex/AcOEt= 10:1. 1H NMR (600 MHz, CDCl3) δ 7.43−7.41 
(4H, br-m), 7.20 (1H, br-s), 2.34 (2H, t, J = 7.6 Hz), 1.71 (2H, tt, J = 7.8, 7.2 Hz), 1.37−1.26 (8H, m), 
0.88 (3H, t, J = 7.0 Hz); 13C NMR (150 MHz, CDCl3) δ 171.4, 137.0, 131.9, 121.3, 116.6, 37.8, 31.6, 
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All reactions were performed in oven-dried glassware. All reagents purchased commercially were used 
without further purification unless otherwise noted. Iron phthalocyanine was purchased from Tokyo 
Chemical Industry Co., Ltd. Dehydrated THF, toluene and CH2Cl2 were purchased from Kanto 
Chemical Co., Inc. Other solvents were dried with activated molecular sieves. Molecular sieves were 
activated by heating with a heat gun (ISHIZAKI ELECTRIC MFG PJ-208A, ca. 450 °C) in vacuo (ca. 
0.1 mmHg) for 5 min unless otherwise noted. Thin-layer chromatography (TLC) analysis was 
performed by illumination with a UV lamp (254 nm) or staining with PMA and heating. Silica gel 
column chromatography was carried out on silica gel 60N (Kanto Chemical Co., Inc., spherical, 
neutral, 40−50 μm). The chromatographic separation of enantiomers was performed using a JASCO 
PU-2080 Plus liquid chromatography equipped with Multi UV-Vis (JASCO MD-910). Melting points 
were recorded on Yanako melting point apparatus or on a Kofler micro hot stage and were uncorrected.  
1H and 13C NMR spectra were recorded with JEOL JNM ECS400 (400 MHz and 100 MHz), JEOL 
JNM ECS500 (500 MHz and 125 MHz) and JEOL JNM ECA600 (600 MHz and 150 MHz) 
spectrometers at 293−295 K. Proton spectra were referenced to TMS as an internal standard. Carbon 
chemical shifts were determined relative to the 13C signal of CDCl3 (77.0 ppm). Multiplicities are 
indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) or br (broadened).  
IR spectra were recorded with a JASCO Fourier Transform IR-460 spectrometer. Mass spectra were 
recorded on JEOL JMS-T100TD (direct analysis in real time, DART). A time-of-flight (TOF) mass 
spectrometer equipped with a double orthogonal electrospray source at atmospheric pressure 
ionization (ESI) coupled to an HPLC instrument was used for recording HRMS spectra. Optical 
rotations were measured on a JASCO P-1030 polarimeter. Absorption spectra were measured in a 0.1 
mm quartz cell on a JASCO V-570 spectrophotometer.  
 
General procedure for catalytic Mitsunobu reactions: 
A mixture of alcohol (1.0 mmol), nucleophile (1.1 mmol), triphenylphosphine (525 mg, 2.0 mmol), a 
hydrazine catalyst (ethyl 2-(3,4-dichlorophenyl)hydrazinecarboxylate (1a): 24.9 mg, 0.1 mmol or 
ethyl 2-(4-cyanophenyl)hydrazinecarboxylate (1h): 20.5 mg, 0.1 mmol), iron phthalocyanine (56.8 
mg, 0.1 mmol) and powder of activated molecular sieves 5Å (500 mg) in toluene (250 µL) was 
irradiated for ca. 1 minute in an ultrasound bath and vigorously stirred under air atmosphere (balloon) 
at room temperature until disappearance of alcohol or triphenylphosphine. After the reaction mixture 
was filtrated through a filter paper or a pad of Celite®, the solvent was removed under reduced pressure. 





(R)-1-Ethoxycarbonylethyl 4-nitrobenzoate (4a). (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 mmol, 
99:1 er) and 4-nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 12 h. 
97% yield (258 mg, 0.97 mmol). 99:1 er. White solid. Elute: Hex/AcOEt = 6:1. 1H NMR (500 MHz, 
CDCl3) δ 8.31 (2H, app. d, J = 9.5 Hz), 8.27 (2H, app. d, J = 9.5 Hz), 5.36 (1H, q, J = 7.0 Hz), 4.26 
(2H, q, J = 7.0 Hz), 1.67 (3H, d, J = 7.0 Hz), 1.30 (3H, t, J = 7.0 Hz); 13C NMR (125 MHz, CDCl3) δ 
170.2, 164.0, 150.7, 134.8, 130.9, 123.5, 69.9, 61.6, 16.9, 14.0; The enantiomeric ratio was determined 
by HPLC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak AD-H 46 × 150 mm, multi 
UV-Vis detector (230 nm), room temperature eluent: (n-hexane/i-PrOH) 5:1, flow rate: 0.5 mL/min, 
retention time (min) 14.0 (R isomer), 17.5 (S isomer). [α]D25 = ‒18.5 (c 1.00, CHCl3) [(S)-1-





3-Phenylpropanol (136 mg, 1.0 mmol) and 
phthalimide (162 mg, 1.1 mmol) were used as substrates. 12 h. 89% yield (234 mg, 0.89 
mmol). Pale yellow oil, Elute: Hex/AcOEt = 10:1. 1H NMR (500 MHz, CDCl3) δ 7.82−7.81 (m, 2H), 
7.70−7.68 (m, 2H), 7.24 (2H, app. t, J = 7.4 Hz), 7.19 (2H, app. d, J = 6.9 Hz), 7.14 (1H, app. t, J = 
7.2 Hz), 3.74 (2H, t, J = 7.5 Hz), 2.68 (2H, t, J = 8.0 Hz), 2.03 (2H, tt, J = 8.0, 7.5 Hz); 13C NMR (125 
MHz, CDCl3) δ 168.3, 141.0, 133.8, 132.0, 128.3, 128.2, 125.9, 123.1, 37.7, 33.1, 29.8. 
 
  
(3-Phenylpropoxy)benzene (4c). 3-Phenylpropanol (136 mg, 1.0 mmol) and phenol (104 mg, 
1.1 mmol) were used as substrates. 18 h. 87% yield (184 mg, 0.87 mmol). Colorless oil. Elute: 
Hex/AcOEt = 20:1. 1H NMR (600 MHz, CDCl3) δ 7.30−7.25 (4H, m), 7.22−7.19 (3H, m), 6.93 (1H, 
app. t, J = 7.2 Hz), 6.90−6.89 (2H, m), 3.95 (2H, t, J = 6.6 Hz), 2.80 (2H, t, J = 7.7 Hz), 2.10 (2H, tt, 
J = 7.7, 6.6 Hz); 13C NMR (150 MHz, CDCl3) δ 159.0, 141.5, 129.4, 128.5, 128.4, 125.9, 120.5, 114.5, 
66.7, 32.1, 30.8. 
 
  
3-Phenylpropyl benzoate (4d). 3-Phenylpropanol (136 mg, 1.0 mmol) and benzoic acid (134 
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mg, 1.1 mmol) were used as substrates. 18 h. 93% yield (222 mg, 0.93 mmol). Colorless oil. 
Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, CDCl3) δ 8.04 (2H, d, J = 7.2 Hz), 7.55 (1H, app. t, J 
= 7.6 Hz), 7.43 (2H, app. t, J = 7.7 Hz), 7.29 (2H, app. t, J = 7.6 Hz), 7.22−7.18 (3H, m), 4.34 (2H, t, 
J = 6.6 Hz), 2.78 (2H, t, J = 7.6 Hz), 2.10 (2H, tt, J = 7.6, 6.6 Hz); 13C NMR (150 MHz, CDCl3) δ 
166.5, 141.1, 132.8, 130.3, 129.5, 128.43, 128.39, 128.30, 126.0, 64.2, 32.2, 30.2. 
 
  
3-Phenylpropyl 4-nitrobenzoate (4e). 3-Phenylpropanol (136 mg, 1.0 mmol) and 4-
nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 12 h. 91% yield (257 
mg, 0.91 mmol). Pale yellow oil. Elute: Hex/AcOEt = 20:1. 1H NMR (600 MHz, CDCl3) δ 8.28 (2H, 
app. d, J = 8.9 Hz), 8.16 (2H, app. d, J = 8.9 Hz), 7.30 (2H, app. t, J = 7.6 Hz), 7.22−7.20 (3H, m), 
4.40 (2H, t, J = 6.6 Hz), 2.80 (2H, t, J = 7.2 Hz), 2.15 (2H, tt, J = 7.2, 6.6 Hz); 13C NMR (150 MHz, 
CDCl3) δ 164.6, 150.5, 140.9, 135.6, 130.6, 128.5, 128.4, 126.1, 123.5, 65.3, 32.3, 30.0.  
 
  
3-Phenylpropyl-4-methoxybenzoate (4f). 3-Phenylpropanol (136 mg, 1.0 mmol) and 4-
methoxybenzoic acid (167 mg, 1.1 mmol) were used as substrates. 18 h. 89% yield (238 mg, 
0.89 mmol). Colorless oil. Elute: Hex/AcOEt = 20:1. 1H NMR (600 MHz, CDCl3) δ 7.99 (2H, app. 
d, J = 8.9 Hz), 7.29 (2H, app. t, J = 7.6 Hz), 7.22−7.18 (3H, m), 6.92 (2H, app. d, J = 8.9 Hz), 4.31 
(2H, t, J = 6.6 Hz), 3.85 (3H, s), 2.78 (2H, t, J = 7.6 Hz), 2.09 (2H, tt, J = 7.6, 6.6 Hz); 13C NMR (150 
MHz, CDCl3) δ 166.3, 163.3, 141.2, 131.5, 128.4, 126.0, 122.8, 113.6, 63.9, 55.4, 32.3, 30.3.  
 
  
3-Phenylpropyl-2-methyl-6-nitrobenzoate (4g). 3-Phenylpropanol (136 mg, 1.0 mmol) and 
2-methyl-6-nitrobenzoic acid (199 mg, 1.1 mmol) were used as substrates. 18 h. 89% yield 
(265 mg, 0.89 mmol). Pale yellow oil. Elute: Hex/AcOEt = 10:1. 1H NMR (600 MHz, CDCl3) δ 7.99 
(1H, d, J = 8.2 Hz), 7.54 (1H, d, J = 7.6 Hz), 7.47 (1H, t, J = 7.9 Hz), 7.29 (2H, app. t, J = 7.6 Hz), 
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7.22−7.19 (3H, m), 4.40 (2H, t, J = 6.6 Hz), 2.73 (2H, t, J = 7.8 Hz), 2.43 (3H, s), 2.08 (2H, tt, J = 7.8, 
6.6 Hz); 13C NMR (150 MHz, CDCl3) δ 166.5, 146.2, 141.0, 137.5, 135.9, 129.66, 129.57, 128.4, 
126.0, 121.8, 65.6, 32.1, 30.0, 19.1; IR (neat, cm-1) υ 2928, 1734, 1539; HRMS (DART+) calcd for 
C17H21N2O4 ([M+NH4]+) 317.1501, found 317.1504.  
 
  
3-Phenylpropyl-3-phenylpropanoate (4h). 3-Phenylpropanol (136 mg, 1.0 mmol) and 3-
phenylpropionic acid (165 mg, 1.1 mmol) were used as substrates. 18 h. 91% yield (244 mg, 
0.91 mmol). Colorless oil. Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, CDCl3) δ 7.30−7.27 (4H, 
m), 7.22−7.18 (4H, m), 7.14 (2H, app. d, J = 7.6 Hz), 4.08 (2H, t, J = 6.6 Hz), 2.95 (2H, t, J = 7.7 Hz), 
2.631 (2H, t, J = 7.2 Hz), 2.627 (2H, t, J = 7.8 Hz), 1.92 (2H, tt, J = 7.2, 6.6 Hz); 13C NMR (150 MHz, 





Phenylpropanol (136 mg, 1.0 mmol) and O-(tert-butyldimethylsilyl)-N-
tosylhydroxylamine (332 mg, 1.1 mmol) were used as substrates. 60 h. 87% yield (364 mg, 
0.87 mmol). colorless oil. Elute: Hex/AcOEt = 20:1. 1H NMR (600 MHz, CDCl3) δ 7.69 (2H, app. d, 
J = 8.2 Hz), 7.32 (2H, app. d, J = 8.2 Hz), 7.27 (2H, app. t, J = 7.6 Hz), 7.18 (1H, app. t, J = 7.9 Hz), 
7.14−7.13 (2H, m), 2.94 (2H, t, J = 7.0 Hz), 2.62 (2H, t, J = 7.8 Hz), 2.44 (3H, s), 1.89 (2H, tt, J = 7.8, 
7.2 Hz), 0.91 (9H, s), 0.28 (6H, s); 13C NMR (150 MHz, CDCl3) δ 144.5, 141.1, 129.9, 129.8, 129.2, 
128.39, 128.37, 126.0, 55.4, 33.1, 28.5, 26.0, 21.6, 18.2, −4.3.  
 
 
N-Benzyl-4-nitro-N-(3-phenylpropyl)benzenesulfonamide (4j). 3-Phenylpropanol (136 mg, 
1.0 mmol) and N-benzyl-2-nitrobenzenesulfonylamide (321 mg, 1.1 mmol) were used as 
substrates. 12 h. 90% yield (367 mg, 0.90 mmol). Pale yellow oil. Elute: Hex/AcOEt = 5:1. 1H NMR 
(600 MHz, CDCl3) δ 7.91 (d, J = 7.9 Hz, 1H), 7.68−7.58 (m, 3H), 7.30−7.15 (m, 8H), 6.98 (d, J = 7.6 
Hz, 2H), 4.51 (s, 2H), 3.25 (t, J = 7.6 Hz, 2H), 2.43 (t, J = 7.8 Hz, 2H), 1.70 (tt, J = 7.8, 7.6 Hz, 2H); 
13C NMR (150 MHz, CDCl3) δ 147.9, 140.9, 135.6, 133.7, 133.4, 131.6, 130.9, 128.7, 128.4, 128.3, 
128.2, 127.9, 126.0, 124.2, 51.3, 46.7, 32.6, 29.0. [Note: One peak (46.7 ppm) has been inadvertently 
omitted from the list of the 13C NMR data in the supporting information of chapter 1-2.]. HRMS 
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(DART+) calcd for C22H23N2O4S ([M+H]+) 411.1379, found 411.1369. 
 
  
2-(3-Phenylpropoxy)isoindoline-1,3-dione (4k). 3-Phenylpropanol (136 mg, 1.0 mmol) and N-
hydroxyphthalimide (179 mg, 1.1 mmol) were used as substrates. 12 h. 85% yield (238 mg, 
0.85 mmol). Pale yellow solid. Elute: Hex/AcOEt = 6:1. 1H NMR (600 MHz, CDCl3) δ 7.83−7.82 (m, 
2H), 7.74−7.73 (m, 2H), 7.31−7.26 (4H, m), 7.19 (1H, app. t, J = 7.0 Hz), 4.22 (2H, t, J = 6.6 Hz), 
2.87 (2H, t, J = 7.8 Hz), 2.10 (2H, tt, J = 7.8, 6.6 Hz); 13C NMR (150 MHz, CDCl3) δ 163.6, 141.1, 
134.4, 128.9, 128.6, 128.4, 126.0, 123.4, 77.5, 31.7, 29.9. 
 
 
1-Iodo-4-(3-phenylpropoxy)benzene (4l).2 3-Phenylpropanol (136 mg, 1.0 mmol) and 4-
iodophenol (242 mg, 1.1 mmol) were used as substrates. 24 h. 80% yield (270 mg, 0.80 mmol). 
Colorless oil. Elute: Hex/AcOEt = 20:1. 1H NMR (600 MHz, CDCl3) δ 7.53 (2H, app. d, J = 9.7, Hz), 
7.28 (2H, app. t, J = 7.6 Hz), 7.20−7.18 (3H, m), 6.65 (2H, app. d, J = 9.6 Hz), 3.90 (2H, t, J = 6.6 
Hz), 2.79 (2H, t, J = 7.6 Hz), 2.08 (2H, tt, J = 7.6, 6.6 Hz); 13C NMR (150 MHz, CDCl3) δ 158.8, 
141.3, 138.1, 128.5, 128.4, 126.0, 116.9, 82.5, 66.9, 32.0, 30.6.  
 
 
2-((3-Phenylpropyl)thio)benzo[d]thiazole (4m). 3-Phenylpropanol (136 mg, 1.0 mmol) and 
2-mercaptobenzothiazole (184 mg, 1.1 mmol) were used as substrates. 24 h. 89% yield (253 
mg, 0.89 mmol). Colorless oil. Elute: Hex/AcOEt=20:1. 1H NMR (600 MHz, CDCl3) δ 7.85 (1H, 
app. d, J = 7.9 Hz), 7.73 (1H, app. d, J = 7.9 Hz), 7.39 (1H, app. t, J = 7.7 Hz), 7.30−7.26 (3H, m), 
7.25−7.18 (3H, m), 3.33 (2H, t, J = 7.2 Hz), 2.80 (2H, t, J = 7.2 Hz), 2.15 (2H, quint, J = 7.2 Hz); 13C 
NMR (150 MHz, CDCl3) δ 166.9, 153.3, 140.8, 135.1, 128.46, 128.42, 126.1, 125.9, 124.1, 121.4, 
120.9, 34.6, 32.8, 30.7; IR (neat, cm-1) υ 2928, 1456, 1423; HRMS (DART+) calcd for C16H16NS2 





Benzyl-4-nitrobenzoate (4n). Benzyl alcohol (108 mg, 1.0 mmol) and 4-nitrobenzoic acid 
(3a) (184 mg, 1.1 mmol) were used as substrates. 12 h. 90% yield (230 mg, 0.90 mmol). Pale 
yellow oil. Elute: Hex/AcOEt = 10:1. 1H NMR (600 MHz, CDCl3) δ 8.28 (2H, app. d, J = 9.0 Hz), 
8.24 (2H, app. d, J = 9.0 Hz), 7.46 (2H, d, J = 7.2 Hz), 7.43−7.38 (3H, m), 5.41 (2H, s); 13C NMR 
(150 MHz, CDCl3) δ 164.5, 150.6, 135.48, 135.22, 130.8, 128.73, 128.65, 128.44, 123.5, 67.6. 
 
 
((3,7-Dimethyloct-6-en-1-yl)oxy)benzene (4o). (± ) -Citronellol (156 mg, 1.0 mmol) and 
phenol (104 mg, 1.1 mmol) were used as substrates. 24 h. 77% yield (177 mg, 0.77 mmol). 
Colorless oil. Elute: Hex/AcOEt = 15:1. 1H NMR (600 MHz, CDCl3) δ 7.28−7.25 (2H, m), 6.94−6.89 
(3H, m), 5.11 (1H, app. t, J = 7.2 Hz), 4.02−3.95 (2H, m), 2.07−1.95 (2H, m), 1.87−1.81 (1H, m), 
1.71−1.68 (1H, m), 1.69 (3H, s), 1.62−1.58 (1H, m), 1.61 (3H, s), 1.41−1.38 (1H, m), 1.25−1.19 (1H, 
m), 0.95 (3H, d, J = 6.5 Hz); 13C NMR (150 MHz, CDCl3) δ 159.1, 131.3, 129.4, 124.7, 120.4, 114.5, 
66.1, 37.1, 36.1, 29.5, 25.7, 25.4, 19.5, 17.7; IR (neat, cm-1) υ 2923, 1600, 1498. 1243; HRMS 
(DART+) calcd for C16H25O ([M+H]+) 233.1905, found 233.1894. 
 
 
2-(2-Phenoxyethyl)thiophene (4p). 3 -Thiopheneethanol (128 mg, 1.0 mmol) and phenol 
(104 mg, 1.1 mmol) were used as substrates. 18 h. 82% yield (167 mg, 0.82 mmol). colorless 
oil. Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, CDCl3) δ 7.29−7.26 (2H, m), 7.15 (1H, dd, J = 
5.2, 1.4 Hz), 6.96−6.91 (5H, m), 4.18 (2H, t, J = 6.7 Hz), 3.30 (2H, app. t, J = 6.9 Hz); 13C NMR (150 
MHz, CDCl3) δ 158.6, 140.4, 129.5, 126.8, 125.5, 123.9, 120.9, 114.6, 68.3, 30.0; IR (neat, cm-1) υ 





2-((2-(1H-Indol-3-yl)ethyl)thio)benzo[d]thiazole (4q).3 3-Indoleethanol (161 mg, 1.0 mmol) 
and 2-mercaptobenzothiazole (184 mg, 1.1 mmol) were used as substrates. 24 h. 96% yield 
(296 mg, 0.96 mmol). White solid. Elute: Hex/AcOEt = 10:1. 1H NMR (600 MHz, CDCl3) δ 8.07 
(1H, br s), 7.90 (1H, d, J = 8.6 Hz), 7.75 (2H, d, J = 7.6 Hz), 7.41 (1H, app. t, J = 7.7 Hz), 7.35 (1H, 
d, J = 7.9 Hz), 7.29 (1H, app. t, J = 7.6 Hz), 7.21 (1H, app. t, J = 7.6, Hz), 7.17−7.15 (1H, m), 7.07 
(1H, d, J = 2.4 Hz), 3.66 (2H, t, J = 7.8 Hz), 3.30 (2H, t, J = 7.8 Hz); 13C NMR (150 MHz, CDCl3) δ 




N-(p-Toluenesulfonyl)pyrrolidine (4r).4 N-(4-Hydroxybutyl)-toluenesulfonamide5 (243 mg, 
1.0 mmol) was used as substrates. 18 h. 94% yield (211 mg, 0.94 mmol). White solid. Elute: 
Hex/AcOEt = 5:1. 1H NMR (600 MHz, CDCl3) δ 7.72 (2H, app. d, J = 8.2 Hz), 7.32 (2H, app. d, J = 
8.2 Hz), 3.24−3.22 (4H, m), 2.43 (3H, s), 1.76−1.74 (4H, m); 13C NMR (150 MHz, CDCl3) δ 143.3, 
133.9, 129.6, 127.5, 47.9, 25.2, 21.5.  
 
 
1-(2-Nitrobenzenesulfonyl)azocane (4s).6 N-(7-Hydroxyheptyl)-2-nitrobenzenesulfonamide6  
(316 mg, 1.0 mmol) was used as substrates. 36 h. 40% yield (118 mg, 0.40 mmol). White 
so l id . Elute: Hex/AcOEt = 5:1. 1H NMR (500 MHz, CDCl3) δ 7.93−7.92 (1H, m), 7.68−7.66 (2H, 
m), 7.59−7.58 (1H, m), 3.33 (4H, t, J = 6.0 Hz), 1.79−1.77 (4H, m), 1.67−1.65 (6H, m); 13C NMR 
(125 MHz, CDCl3) δ 148.3, 133.2, 132.5, 131.3, 130.5, 123.9, 49.2, 27.7, 26.5, 24.7. 
 
 
(R)-1-Ethoxycarbonylethyl benzoate (4t).7 (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 mmol) and 
benzoic acid (134 mg, 1.1 mmol) were used as substrates. 36 h. 84% yield (186 mg, 0.84 
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mmol) 99:1 er. Pale yellow solid. Elute: Hex/AcOEt=20:1. 1H NMR (600 MHz, CDCl3) δ 8.09 (2H, 
app. d, J = 8.2 Hz), 7.58 (1H, app. t, J = 7.4 Hz), 7.45 (2H, app. t, J = 7.7 Hz), 5.31 (1H, q, J = 7.0 
Hz), 4.23 (2H, q, J = 7.0 Hz), 1.63 (3H, d, J = 7.0 Hz), 1.28 (3H, t, J = 7.0 Hz); 13C NMR (150 MHz, 
CDCl3) δ 170.8, 165.9, 133.2, 129.8, 129.5, 128.3, 69.1, 61.3, 17.0, 14.1; The enantiomeric ratio was 
determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak OJ-H 46 × 150 
mm, multi UV-Vis detector (230 nm), room temperature eluent: (n-hexane /i-PrOH) 99.5:0.5, flow 
rate: 1.0 mL/min, retention time (min) 22.8 (R isomer), 25.1 (S isomer). [α]D25 = ‒12.6 (c 1.00, 
CHCl3) [lit.8 (R)-1-Ethoxycarbonylethyl benzoate; [α]D25 = ‒13.8 (c 1.00, CHCl3)], [Authentic sample 
(retention): (S)-1-Ethoxycarbonylethyl benzoate (99:1 er), [α]D25 = +16.1 (c 1.00, CHCl3)].  
 
  
(R)-1-Ethoxycarbonylethyl 3,5-dinitrobenzoate (4u). (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 
mmol) and 3,5-dinitrobenzoic acid (233 mg, 1.1 mmol) were used as substrates. 18 h. 89% 
yield (278 mg, 0.89 mmol) 87:13 er. Pale yellow solid. Elute: Hex/AcOEt = 6:1. 1H NMR (500 MHz, 
CDCl3) δ 9.26 (1H, t, J = 2.0 Hz), 9.21 (2H, d, J = 2.3 Hz), 5.42 (1H, q, J = 7.0 Hz), 4.27 (2H, q, J = 
7.2 Hz), 1.73 (3H, d, J = 7.5 Hz), 1.32 (3H, t, J = 7.2 Hz); 13C NMR (125 MHz, CDCl3) δ 169.7, 162.0, 
148.6, 133.2, 129.6, 122.7, 70.8, 61.9, 16.9, 14.1; The enantiomeric ratio was determined by HPLC 
analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak OJ-H 46 × 150 mm, multi UV-Vis 
detector (210 nm), room temperature eluent: (n-hexane /i-PrOH) 1:5, flow rate: 0.25 mL/min, 
retention time (min) 51.0 (S isomer), 61.1 (R isomer). [α]D25 = ‒3.5 (c 1.00, CHCl3) [(S)-1-
ethoxycarbonylethyl 3,5-dinitrobenzoate (>99:1 er), [α]D22 = +8.8 (c 1.00, CHCl3)]. 
For data of the reaction in THF (0.5 M), see the supporting information of chapter 1-2.  
 
 
(R)-1-Ethoxycarbonylethyl 4-methoxybenzoate (4v). (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 
mmol) and 4-methoxybenzoic acid (167 mg, 1.1 mmol) were used as substrates. 36 h. 79% 
yield (197 mg, 0.79 mmol) 99:1 er. Colorless oil. Elute: Hex/AcOEt = 10:1. 1H NMR (600 MHz, 
CDCl3) δ 8.04 (2H, app. d, J = 8.9 Hz), 6.93 (2H, app. d, J = 8.9 Hz), 5.28 (1H, q, J = 6.6 Hz), 4.23 
(2H, q, J = 7.2 Hz), 3.86 (3H, s), 1.61 (3H, d, J = 6.6 Hz), 1.28 (3H, t, J = 7.2 Hz); 13C NMR (150 
MHz, CDCl3) δ 171.0, 165.6, 163.6, 131.9, 121.8, 113.6, 68.9, 61.3, 55.4, 17.1, 14.1; IR (CHCl3, cm-
1) υ 2987, 1717, 1608, 1513, 1457, 1259; HRMS (DART+) calcd for C13H17O5 ([M+H]+) 253.1076, 
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found 253.1076. The enantiomeric ratio was determined by HPLC analysis using a chiral column. 
Chiral HPLC: Daicel-Chiralpak OD-H 46 × 150 mm, multi UV-Vis detector (250 nm), room 
temperature eluent: (n-hexane /i-PrOH) 99.5:0.5, flow rate: 1.0 mL/min, retention time (min) 30.2 
(S isomer), 34.0 (R isomer). [α]D25 = ‒29.4 (c 1.00, CHCl3) [Authentic sample (retention): (S)-1-
Ethoxycarbonylethyl 4-methoxybenzoate (99:1 er), [α]D25 = +32.6 (c 1.00, CHCl3)]. 
 
 
(R)-1-Ethoxy-1-oxopropan-2-yl 3-phenylpropanoate (4w). (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 
mmol) and 3-phenylpropionic acid (165 mg, 1.1 mmol) were used as substrates, and the 
reaction was performed at 0 ˚C. 96 h. 61% yield (185 mg, 0.75 mmol) 90:10 er. Colorless oil. 
Elute: Hex/AcOEt = 10:1. 1H NMR (600 MHz, CDCl3) δ 7.29 (2H, app. t, J = 7.4 Hz), 7.22−7.19 (3H, 
m), 5.07 (1H, q, J = 7.2 Hz), 4.19 (2H, q, J = 7.2 Hz), 2.98 (2H, t, J = 7.4 Hz), 2.77−2.67 (2H, m), 
1.47 (3H, d, J = 7.2 Hz), 1.26 (3H, t, J = 7.2 Hz).; 13C NMR (150 MHz, CDCl3) δ 172.2, 170.8, 140.3, 
128.4, 128.3, 126.2, 68.6, 61.3, 35.5, 30.7, 16.9, 14.0; IR (neat, cm-1) υ 2987, 1734, 1455, 1374; HRMS 
(DART+) calcd for C14H19O4 ([M+H]+) 251.1283, found 251.1284. The enantiomeric ratio was 
determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak OD-H 46 × 150 
mm, multi UV-Vis detector (210 nm), room temperature eluent: (n-hexane/i-PrOH) 99.5:0.5, flow 
rate: 1.0 mL/min, retention time (min) 32.8 (S isomer), 41.1 (R isomer). [α]D25 = +26.6 (c 1.00, 
CHCl3) [Authentic sample (retention): (S)-1-Ethoxy-1-oxopropan-2-yl 3-phenylpropanoate (99:1 er), 
[α]D25 = ‒29.5 (c 1.00, CHCl3)]. 
 
 
Ethyl (R)-2-phenoxypropanoate (4x).9 (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 mmol) and phenol 
(104 mg, 1.1 mmol) were used as substrates. 48 h. 63% yield (121 mg, 0.63 mmol) 99:1 er. 
Colorless oil. Elute: Hex/AcOEt = 8:1. 1H NMR (600 MHz, CDCl3) δ 7.28−7.25 (2H, m), 6.97 (1H, 
app. t, J = 7.4 Hz), 6.88 (2H, app. d, J = 7.9 Hz), 4.74 (1H, q, J = 7.2 Hz), 4.22 (2H, q, J = 7.2 Hz), 
1.62 (3H, d, J = 6.6 Hz), 1.24 (3H, t, J = 7.2 Hz); 13C NMR (150 MHz, CDCl3) δ 172.2, 157.5, 129.5, 
121.5, 115.0, 72.5, 61.2, 18.5, 14.1; The enantiomeric ratio was determined by HPLC analysis using 
a chiral column. Chiral HPLC: Daicel-Chiralpak OD-H 46 × 150 mm, multi UV-Vis detector (275 nm), 
room temperature eluent: (n-hexane/i-PrOH) 90:10, flow rate: 1.0 mL/min, retention time (min) 
4.7 (S isomer), 7.3 (R isomer). [α]D25 = +50.9 (c 1.00, MeOH) [lit.9 ethyl (R)-2-phenoxypropanoate, 





Ethyl (R)-2-(1,3-dioxoisoindolin-2-yl)propanoate (4y).10 (‒)-(S)-Ethyl lactate (2a) (118 mg, 1.0 
mmol) and phthalimide (162 mg, 1.1 mmol) were used as substrates. 48 h. 49% yield (121 
mg, 0.49 mmol) 99:1 er. white solid. Elute: Hex/AcOEt=10:1. 1H NMR (500 MHz, CDCl3) δ 7.87 
(2H, app. dd, J = 5.0, 3.5 Hz), 7.75 (2H, app. dd, J = 5.0, 3.5 Hz), 4.97 (1H, q, J = 7.5 Hz), 4.26−4.17 
(2H, m), 1.70 (3H, d, J = 6.5 Hz), 1.24 (3H, t, J = 7.5 Hz); 13C NMR (125 MHz, CDCl3) δ 169.7, 
167.4, 134.1, 131.9, 123.5, 61.8, 47.5, 15.2, 14.1; The enantiomeric ratio was determined by HPLC 
analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak OD-H 46 × 150 mm, multi UV-Vis 
detector (210 nm), room temperature eluent: (n-hexane/i-PrOH) 99.5:0.5, flow rate: 0.5 mL/min, 
retention time (min) 38.6 (S isomer), 40.9 (R isomer). [α]D25 = +18.4 (c 1.00, MeOH) [lit.10 ethyl 
(R)-2-(1,3-dioxoisoindolin-2-yl)propanoate, [α]D25 = +18.2 (c 1.00, MeOH)].  
 
 
(R)-2-Octyl 4-nitrobenzoate (4z).11 (+)-(S)-2-Octanol (130 mg, 1.0 mmol, 99:1 er) and 4-
nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 12 h. 91% yield (252 mg, 
0.91 mmol) 99:1 er. Pale yellow oil. Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, CDCl3) δ 8.29 
(2H, app. d, J = 8.9 Hz), 8.21 (2H, app. d, J = 8.9 Hz), 5.20−5.18 (1H, m), 1.79−1.74 (1H, m), 
1.67−1.60 (1H, m), 1.42−1.26 (8H, m), 1.38 (3H, d, J = 7.2 Hz), 0.88 (3H, t, J = 7.2 Hz); 13C NMR 
(150 MHz, CDCl3) δ 164.3, 150.4, 136.3, 130.6, 123.4, 73.1, 35.9, 31.7, 29.1, 25.4, 22.5, 20.0, 14.0; 
The enantiomeric ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-
Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (230 nm), room temperature eluent: (n-hexane/i-
PrOH) 99.5:0.5, flow rate: 0.5 mL/min, retention time (min) 15.7 (S isomer), 19.9 (R isomer). 
[α]D25 = ‒33.8 (c 1.00, CHCl3) [lit.12 (R)-2-Octyl 4-nitrobenzoate, [α]D23 = ‒34.2 (c 2.21, CHCl3); 





(+)-(R)-1-Phenyl-1-ethanol (122 mg, 1.0 mmol, 98:2 
er) and 4-nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 12 h. 89% 
yield (241 mg, 0.89 mmol) 92:8 er. Colorless oil. Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, 
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CDCl3) δ 8.28 (2H, app. d, J = 8.9 Hz), 8.23 (2H, app. d, J = 8.9 Hz), 7.45−7.44 (2H, m), 7.39 (2H, 
app. t, J = 7.6 Hz), 7.34 (1H, app. t, J = 7.2 Hz), 6.16 (1H, q, J = 6.5 Hz), 1.71 (3H, d, J = 6.5 Hz); 
13C NMR (150 MHz, CDCl3) δ 163.9, 150.5, 140.9, 135.8, 130.7, 128.7, 128.2, 126.1, 123.5, 74.2, 
22.2; The enantiomeric ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: 
Daicel-Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (210 nm), room temperature eluent: (n-
hexane/i-PrOH) 1:1 flow rate: 0.5 mL/min, retention time (min) 22.3 (R isomer), 26.5 (S isomer). 
[α]D25 = +43.9 (c 1.00, CHCl3) [Authentic sample (retention): (R)-1-Phenylethyl 4-nitrobenzoate 






(+)-(R)-3-Butyn-2-ol (70.1 mg, 1.0 mmol, 99:1 er) and 
4-nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 12 h. 87% yield (189 
mg, 0.87 mmol) 96:4 er. White solid. Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, CDCl3) δ 8.30 
(2H, app. d, J = 9.3 Hz), 8.24 (2H, app. d, J = 9.3 Hz), 5.71 (1H, qd, J = 6.6, 1.8 Hz), 2.54 (1H, d, J = 
1.8 Hz), 1.68 (3H, d, J = 6.6 Hz); 1 3 C NMR (150 MHz, CDCl3) δ 163.6, 150.7, 135.1, 130.9, 123.6, 
81.4, 73.7, 61.7, 21.2; The enantiomeric ratio was determined by HPLC analysis using a chiral column. 
Chiral HPLC: Daicel-Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (230 nm), room temperature 
eluent: (n-hexane/i-PrOH) 5:1, flow rate: 1.0 mL/min, retention time (min) 12.4 (R isomer), 25.4 
(S isomer). [α]D25 = ‒9.2 (c 1.00, CHCl3) [Authentic sample (retention): (R)-3-Butynyl 4-
nitrobenzoate (99:1 er); [α]D25 = +14.4 (c 1.00, CHCl3)]. 
 
  
(S)-1-Ethoxy-1-oxo-4-phenylbutan-2-yl 4-nitrobenzoate (4ac). Ethyl (‒)-(R)-2-hydroxy-4-
phenylbutyrate (208 mg, 1.0 mmol, 99:1 er) and 4-nitrobenzoic acid (3a) (184 mg, 1.1 mmol) 
were used as substrates. 24 h. 93% yield (332 mg, 0.93 mmol) 99:1 er. Pale yellow oil. Elute: 
Hex/AcOEt = 15:1. 1H NMR (600 MHz, CDCl3) δ 8.29 (2H, app. d, J = 8.9 Hz), 8.17 (2H, app. d, J = 
8.9 Hz), 7.31−7.29 (2H, m), 7.23−7.20 (3H, m), 5.28 (1H, t, J = 6.6 Hz), 4.24 (2H, q, J = 7.2 Hz), 2.85 
(2H, t, J = 7.8 Hz), 2.36 (2H, dt, J = 7.8, 6.6 Hz), 1.29 (3H, t, J = 7.2 Hz); 13C NMR (150 MHz, CDCl3) 
δ 169.5, 164.1, 150.7, 140.2, 134.8, 131.0, 128.6, 128.4, 126.3, 123.5, 73.1, 61.7, 32.5, 31.5, 14.1; IR 
(neat, cm-1) υ 2983, 1733, 1530, 1276; HRMS (DART+) calcd for C15H21N2O6 ([M+NH4]+) 375.1556, 
179 
 
found 375.1563; The enantiomeric ratio was determined by HPLC analysis using a chiral column. 
Chiral HPLC: Daicel-Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (210 nm), room temperature 
eluent: (n-hexane/i-PrOH) 5:1, flow rate: 1.0 mL/min, retention time (min) 52.4 (S isomer), 25.7 
(R isomer). [α]D25 = ‒16.5 (c 1.00, CHCl3) [Authentic sample (retention): (R)-1-ethoxy-1-oxo-4-
phenylbutan-2-yl 4-nitrobenzoate (99:1 er), [α]D25 = +19.6 (c 1.00, CHCl3)]. 
 
 
1-(tert-butyl) 2-methyl (2S,4S)-4-((4-nitrobenzoyl)oxy)pyrrolidine-1,2-dicarboxylate (4ad).15 
(2S,4R)-4-Hydroxypyrrolidine-1,2-dicarboxylic acid 1-tert-butyl 2-methyl ester (245 mg, 1.0 
mmol) and 4-nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 16 h. 88% 
yield (346 mg, 0.88 mmol, as a single diastereomer in NMR analysis). White solid. Elute: 
Hex/AcOEt=3:1. Rotamers were observed in NMR spectra. 1H NMR (600 MHz, CDCl3) δ 8.29 (2H, 
app. d, J = 8.6 Hz), 8.16 (2H, app. d, J = 8.6 Hz), 5.58 (1H, app. d, J = 4.1 Hz), 4.62 and 4.56 (total 
1H, both d, both J = 8.4 Hz, based on rotamers), 3.85−3.82 (2H, m), 3.71 and 3.70 (total 3H, both s, 
based on rotamers), 2.64−2.53 (1H, m), 2.48 and 2.45 (total 1H, both s, based on rotamers), 1.49 and 
1.45 (total 9H, both s, based on rotamers); 13C NMR (150 MHz, CDCl3) δ 172.3, 172.1, 164.0, 163.8, 
154.0, 153.6, 150.7, 135.0, 130.8, 123.5, 80.6, 80.5, 74.5, 73.4, 57.7, 57.4, 52.5, 52.3, 52.2, 52.1, 36.5, 
35.6, 28.3, 28.2.  
[The authentic sample of 1-(tert-butyl)-2-methyl-(2S,4R)-4-((4-nitrobenzoyl)oxy)pyrrolidine-1,2-
dicarboxylate (epi-4ad) was prepared by condensation between (2S,4R)-4-hydroxypyrrolidine-1,2-
dicarboxylic acid 1-tert-butyl 2-methyl ester and 4-nitrobenzoic acid (3a) with EDC･HCl. 1H 
NMR (600 MHz, CDCl3) δ 8.30 (2H, app. d, J = 9.0 Hz), 8.19 (2H, app. d, J = 9.0 Hz), 5.58−5.57 
(1H, m), 4.54 and 4.45 (total 1H, both t, both J = 7.8 Hz, based on rotamers), 3.88, 3.86 and 3.71 (total 
2H, dd, J = 6.6, 4.2 Hz, d, J = 3.0 Hz and d, J = 12.6 Hz, based on rotamers), 3.79 and 3.78 (total 3H, 
both s, based on rotamers), 2.60−2.53 (1H, m), 2.38−2.34 (1H, m), 1.47 and 1.44 (total 9H, both s, 
based on rotamers). No peak on C3 (δ 2.39−2.35 (1H, m)) of 1-(tert-butyl)-2-methyl-(2S,4R)-4-((4-






(3S)-5α-Cholestan-3-yl 4-nitrobenzoate (4ae).11 Dihydrocolesterol (389 mg, 1.0 mmol) and 4-
nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 24 h. 82% yield (439 mg, 
0.82 mmol, as a single diastereomer in NMR analysis). Pale yellow solid. Elute: Hex/AcOEt = 25:1. 
1H NMR (600 MHz, CDCl3) δ 8.31 (2H, app. d, J = 8.9 Hz), 8.22 (2H, app. d, J = 8.9 Hz), 5.32−5.31 
(1H, m), 1.99 (1H, dt, J = 12.5, 3.2 Hz), 1.88 (1H, br d, J = 12.6 Hz), 1.86−1.80 (2H, m), 1.70−1.50 
(8H, m), 1.40−0.92 (18H, m), 0.91 (3H, d, J = 6.6 Hz), 0.87 (3H, d, J = 6.6 Hz), 0.86 (3H, d, J = 7.2 
Hz), 0.85 (3H, s), 0.78 (1H, dt, J = 16.2, 6.3 Hz), 0.67 (3H, s); 13C NMR (150 MHz, CDCl3) δ 164.0, 
150.4, 136.6, 130.6, 123.5, 72.2, 56.5, 56.3, 54.4, 42.6, 40.5, 40.0, 39.5, 36.2, 35.9, 35.8, 35.4, 33.2, 
32.9, 31.9, 28.4, 28.2, 28.0, 26.2, 24.1, 23.8, 22.8, 22.5, 20.8, 18.7, 12.1, 11.4.  
[The authentic sample of (3R)-5α-cholestan-3-yl 4-nitrobenzoate (epi-4ae) was prepared by 
condensation of dihydrocholesterol and 4-nitrobenzoic acid (3a) with EDC･HCl. 1H NMR (600 
MHz, CDCl3) δ 8.27 (2H, app. d, J = 8.4 Hz), 8.21 (2H, app. d, J = 8.4 Hz), 5.02−4.94 (1H, m), 
1.99−1.97 (2H, m), 1.82−1.79 (2H, m), 1.73−1.66 (3H, m), 1.57−1.49 (3H, m), 1.37−1.23 (9H, m), 
1.16−0.98 (9H, m), 0.91 (3H, d, J = 6.6 Hz), 0.89−0.86 (9H, m), 0.69−0.68 (1H, m), 0.66 (3H, s). No 
peak on C3 (δ 5.02−4.94 (1H, m)) of (3R)-5α-cholestan-3-yl 4-nitrobenzoate was detected in 1H NMR 
of the crude product including 4ae]. 
 
  
(1S,2S,5R)-Menthyl 4-nitrobenzoate (4af).11 (‒)-Menthol (156 mg, 1.0 mmol) and 4-
nitrobenzoic acid (3a) (184 mg, 1.1 mmol) were used as substrates. 48 h. 76% yield (230 
mg, 0.76 mmol, as an inseparable mixture of two diastereomers, 11:89 dr in NMR analysis). White 
solid. Elute: Hex/AcOEt = 30:1. 1H NMR (600 MHz, CDCl3, for major isomer) δ 8.29 (2H, app. d, J 
= 8.9 Hz), 8.21 (2H, app. d, J = 8.9 Hz), 4.98 (1H, td, J = 10.8, 4.2 Hz), 2.15−2.12 (1H, m), 1.95−1.90 
(1H, m), 1.77−1.73 (2H, m), 1.62−1.55 (2H, m), 1.19−1.11 (2H, m), 0.95 (3H, d, J = 6.6 Hz), 0.93 
(3H, d, J = 7.2 Hz), 0.80 (3H, d, J = 6.6 Hz);
 1H NMR (600 MHz, CDCl3, for partial peaks of minor 
isomer) δ 5.50 (1H, app. d, J = 2.4 Hz); 13C NMR (150 MHz, CDCl3) δ 164.2 (major), 164.0 (minor), 
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150.4 (major), 136.3 (minor), 136.2 (major), 130.62 (major), 130.58 (minor), 123.53 (minor), 123.46 
(major), 76.1 (major), 73.1 (minor), 47.1 (major), 46.9 (minor), 40.8 (major), 39.1 (minor), 34.7 
(minor), 34.2 (major), 31.4 (major), 29.4 (minor), 26.8 (minor), 26.5 (major), 25.3 (minor), 23.5 
(major), 22.1 (minor), 22.0 (major), 20.9 (minor), 20.74 (minor), 20.70 (major), 16.4 (major); The 
diastereomeric ratio was determined from integration values of peaks of C1 [4.98 (1H, td, J = 10.8, 
4.2 Hz, for major isomer), 5.50 (1H, app. d, J = 2.4 Hz, for minor isomer)].  
 
  
(1S,2S,5R)-Menthyl 2-methyl-6-nitrobenzoate (4ag). (‒)-Menthol (156 mg, 1.0 mmol) and 2-
methyl-6-nitrobenzoic acid (199 mg, 1.1 mmol) were used as substrates. 96 h. 66% yield 
(195 mg, 0.66 mmol, as a single diastereomer in NMR analysis). Colorless crystals, mp 66.5−67.0 °C 
(n-hexane/EtOAc). Elute: Hex/AcOEt = 15:1. 1H NMR (600 MHz, CDCl3) δ 7.98 (1H, d, J = 7.8 Hz), 
7.53 (1H, d, J = 7.2 Hz), 7.45 (1H, t, J = 7.8 Hz), 5.567 (1H, app. d, J = 2.1 Hz), 2.43 (3H, s), 2.37−2.32 
(1H, m), 1.75−1.69 (2H, m), 1.62−1.57 (1H, m), 1.51−1.45 (1H, m), 1.22 (1H, qd, J = 12.6, 3.6 Hz), 
1.14 (1H, ddd, J = 15.0, 13.2, 2.4 Hz), 1.08−1.03 (1H, m), 1.01 (3H, d, J = 6.6 Hz), 0.96−0.90 (1H, 
m), 0.91 (3H, d, J = 6.6 Hz), 0.88 (3H, d, J = 6.6 Hz); 13C NMR (150 MHz, CDCl3) δ 166.1, 146.0, 
137.2, 136.0, 130.3, 129.3, 121.8, 73.7, 47.1, 38.4, 34.6, 28.7, 26.6, 24.9, 22.1, 20.99, 20.95, 19.1; IR 
(CHCl3, cm-1) υ 2954, 1736, 1536, 1456, 1347, 1270; HRMS (DART+) calcd for C18H29N2O4 
([M+NH4]+) 337.2127, found: 337.2137. 
[The authentic sample of (1R,2S,5R)-menthyl 2-methyl-6-nitrobenzoate (epi-4ag) was preparation 
by acylation of (‒)-menthol and 2-methyl-6-nitrobenzoic anhydride. 1H NMR (600 MHz, CDCl3) 
δ 8.00 (1H, d, J = 8.4 Hz), 7.53 (1H, d, J = 7.8 Hz), 7.45 (1H, t, J = 7.8 Hz), 4.99 (1H, dt, J = 12.8, 
4.2 Hz), 2.43 (3H, s), 2.41−2.37 (1H, m), 2.02−2.00 (1H, m), 1.73 (2H, app. d, J = 12.8 Hz), 
1.59−1.56(1H, m), 1.44 (1H, app. t, J = 6.6 Hz), 1.15−1.05 (2H, m), 0.97 (3H, d, J = 6.0 Hz), 0.93−0.91 
(1H, m), 0.89 (3H, d, J = 6.6 Hz), 0.86 (3H, d, J = 6.6 Hz). No peak on C1 (δ 4.99 (1H, td, J = 12.8, 
4.2 Hz)) of (1R,2S,5R)-menthyl 2-methyl-6-nitrobenzoate was detected in 1H NMR of the crude 
product including 4ag]. 
 
Kinetic studies of reactions of ethyl 2-arylazocarboxylates with triphenylphosphine: 
A solution of ethyl arylazocarboxylate (50 mM), triphenylphosphine (500 mM) and water (500 mM) 
in THF (1.0 mL) was prepared in a 10 mL round-bottom flask at 25 ˚C under a nitrogen atmosphere, 
and a small amount (ca. 0.5 mL) of a sample was taken from the reaction mixture, and absorption 
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spectra of the sample continuously were measured in a 0.1 mm quartz cell (first measurement was 
defined as 0 min.). Concentrations of the starting azo compound were estimated from the absorption 





Figure S1. [A] Plot of the concentration of ethyl 2-(4-methoxyphenyl)azocarboxylate (5b) against 






Figure S2. [A] Plot of the concentration of ethyl 2-(4-methylphenyl)azocarboxylate (5c) against 








Figure S3. [A] Plot of the concentration of ethyl 2-phenylazocarboxylate (5d) against time. [B] 







Figure S4. [A] Plot of the concentration of ethyl 2-(4-fluorophenyl)azocarboxylate (5e) against time. 







Figure S5. [A] Plot of the concentration of ethyl 2-(4-chlorophenyl)azocarboxylate (5f) against time. 







Figure S6. [A] Plot of the concentration of ethyl 2-(3-chlorophenyl)azocarboxylate (5g) against 







Figure S7. [A] Plot of the concentration of ethyl 2-(4-cyanophenyl)azocarboxylate (5h) against 







Figure S8. [A] Plot of the concentration of ethyl 2-(3,4-dichlorophenyl)azocarboxylate (5a) against 








Figure S9. [A] Plot of the concentration of ethyl 2-phenylazocarboxylate (5b) against time. [B] 







Figure S10. [A] Plot of the concentration of ethyl 2-phenylazocarboxylate (5b) against time. [B] 
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All reactions were performed in oven-dried glassware. All reagents purchased commercially were used 
without further purification unless otherwise noted. Iron phthalocyanine was purchased from Tokyo 
Chemical Industry Co., Ltd. Dehydrated THF, toluene and CH2Cl2 were purchased from Kanto 
Chemical Co., Inc. Other solvents were dried with activated molecular sieves. Molecular sieves were 
activated by heating with a heat gun (ISHIZAKI ELECTRIC MFG PJ-208A, ca. 450 °C) in vacuo (ca. 
0.1 mmHg) for 5 min unless otherwise noted. Thin-layer chromatography (TLC) analysis was 
performed by illumination with a UV lamp (254 nm) or staining with PMA and heating. Silica gel 
column chromatography was carried out on silica gel 60N (Kanto Chemical Co., Inc., spherical, 
neutral, 40−50 μm). The chromatographic separation of enantiomers was performed using a JASCO 
PU-2080 Plus liquid chromatography equipped with Multi UV-Vis (JASCO MD-910). Melting points 
were recorded on Yanako melting point apparatus or on a Kofler micro hot stage and were uncorrected.  
1H and 13C NMR spectra were recorded with JEOL JNM ECS400 (400 MHz and 100 MHz), JEOL 
JNM ECS500 (500 MHz and 125 MHz) and JEOL JNM ECA600 (600 MHz and 150 MHz) 
spectrometers at 293−295 K in Japan. 31P NMR spectra were recorded with a JEOL JNM ECA600 
(243 MHz) spectrometer at 298 K in Japan. Some 1H, 31P, 13C and 15N NMR spectra were recorded 
with a Bruker Avance III 500 MHz NMR (500 MHz, 202 MHz, 126 MHz and 51 MHz) instrument at 
296 K in Slovenia. Proton spectra were referenced to TMS as an internal standard. Carbon chemical 
shifts were determined relative to the 13C signal of CDCl3 (77.0 ppm). 31P NMR spectra were 
referenced to external 85% phosphoric acid ( = 0 ppm). 15N chemical shifts were extracted from 1H–
15N gs-HMBC spectra (with 20 Hz digital resolution in the indirect dimension and the parameters 
adjusted for a long-range 1H–15N coupling constant of 5 Hz), determined with respect to external 
nitromethane and corrected to external ammonia by addition of 380.5 ppm. Assignments of some 
proton, carbon, phosphorous, and nitrogen resonances were performed by 2D NMR techniques 
(1H−1H gs-COSY, 1H−13C gs-HSQC, 1H−13C gs-HMBC, 1H−31P gs-HMBC, 1H−15N gs-HMBC). 
Coupling constants (J) are given in Hz. Multiplicities are indicated as follows: s (singlet), d (doublet), 
t (triplet), q (quartet), m (multiplet) or br (broadened).  
IR spectra were recorded with a JASCO Fourier Transform IR-460 spectrometer or with a Perkin-
Elmer Spectrum 100 (equipped with a Specac Golden Gate Diamond ATR as a solid sample support). 
Mass spectra were recorded on JEOL JMS-T100TD (direct analysis in real time, DART or electrospray 
ionization, ESI). A time-of-flight (TOF) mass spectrometer equipped with a double orthogonal 
electrospray source at atmospheric pressure ionization (ESI) coupled to an HPLC instrument was used 
for recording HRMS spectra. Optical rotations were measured on a JASCO P-1030 polarimeter. 
Absorption spectra were measured in a 0.1 mm quartz cell on a JASCO V-570 spectrophotometer. 
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Thermogravimetry-Differential thermal analysis (TG-DTA) was performed on EXSTAR TG/DTA-
7300 (heating rate: 10.0 °C/min) under a nitrogen atmosphere. Differential scanning calorimetric 
(DSC) analysis was performed on Perkin Elmer Jade DSC (heating rate of 10.0 °C/min) under a 
nitrogen atmosphere.  
 
Experimental details and analytical data for synthesized compounds: 
 
General procedure for stoichiometric Mitsunobu reactions: 
A mixture of alcohol (0.5 mmol), nucleophile (0.6 mmol), triphenylphosphine (157 mg, 0.6 mmol), 
ethyl 2-(3,4-dichlorophenyl)azocarboxylate (3h) (148 mg, 0.6 mmol) in toluene (1.0 mL) was stirred 
under N2 (balloon) at room temperature. After the reaction, the solvent was removed under reduced 




(R)-1-Ethoxycarbonylethyl 4-nitrobenzoate (4a). (‒)-(S)-Ethyl lactate (1a) (59.1 mg, 0.5 mmol, 
99:1 er) and 4-nitrobenzoic acid (2a) (100 mg, 0.6 mmol) were used as substrates. 5 h. 99% 
yield (132 mg, 0.49 mmol). 99:1 er. White solid. Elute: Hex/AcOEt = 6:1. 1H NMR (500 MHz, CDCl3) 
δ 8.31 (2H, app. d, J = 9.5 Hz), 8.26 (2H, app. d, J = 9.5 Hz), 5.35 (1H, q, J = 7.0 Hz), 4.25 (2H, q, J 
= 7.5 Hz), 1.66 (3H, d, J = 7.5 Hz), 1.30 (3H, t, J = 7.5 Hz); 13C NMR (125 MHz, CDCl3) δ 170.2, 
164.0, 150.7, 134.9, 130.9, 123.5, 69.9, 61.7, 17.0, 14.1; The enantiomeric ratio was determined by 
HPLC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak AD-H 46 × 150 mm, multi UV-
Vis detector (230 nm), room temperature eluent: (n-hexane/i-PrOH) 5:1, flow rate: 0.5 mL/min, 
retention time (min) 14.1 (R isomer), 17.6 (S isomer). [α]D25 = ‒18.7 (c 1.00, CHCl3) [(S)-1-
ethoxycarbonylethyl 4-nitrobenzoate (99:1 er), [α]D30 = +13.6 (c 1.00, CHCl3)].  
 
  
3-Phenylpropyl benzoate (4b). 3-Phenylpropanol (68.1 mg, 0.5 mmol) and benzoic acid 
(73.3 mg, 0.6 mmol) were used as substrates. 3 h. 95% yield (129 mg, 0.46 mmol). Colorless 
oil. Elute: Hex/AcOEt = 30:1. 1H NMR (500 MHz, CDCl3) δ 8.04 (2H, d, J = 7.0 Hz), 7.56 (1H, app. 
t, J = 7.5 Hz), 7.44 (2H, app. t, J = 8.0 Hz), 7.30 (2H, app. t, J = 7.5 Hz), 7.23−7.19 (3H, m), 4.34 (2H, 
t, J = 6.5 Hz), 2.79 (2H, t, J = 7.5 Hz), 2.11 (2H, tt, J = 7.5, 6.0 Hz); 13C NMR (125 MHz, CDCl3) δ 





(3-Phenylpropoxy)benzene (4c). 3-Phenylpropanol (68.1 mg, 0.5 mmol) and phenol (56.5 
mg, 0.6 mmol) were used as substrates. 5 h. 95% yield (100 mg, 0.47 mmol). Colorless oil. Elute: 
Hex/AcOEt = 20:1. 1H NMR (500 MHz, CDCl3) δ 7.30−7.26 (4H, m), 7.23−7.18 (3H, m), 6.93 (1H, 
app. t, J = 7.5 Hz), 6.90−6.89 (2H, m), 3.96 (2H, t, J = 6.5 Hz), 2.81 (2H, t, J = 7.5 Hz), 2.10 (2H, tt, 
J = 7.5, 6.5 Hz); 13C NMR (125 MHz, CDCl3) δ 159.0, 141.5, 129.4, 128.5, 128.4, 125.9, 120.5, 114.5, 





3-Phenylpropanol (68.1 mg, 0.5 mmol) and 
phthalimide (88.3 mg, 0.6 mmol) were used as substrates. 3 h. 100% yield (132 mg, 0.50 
mmol). Pale yellow oil, Elute: Hex/AcOEt = 10:1. 1H NMR (500 MHz, CDCl3) δ 7.83−7.81 (m, 2H), 
7.71−7.69 (m, 2H), 7.25 (2H, app. t, J = 7.5 Hz), 7.19 (2H, app. d, J = 7.0 Hz), 7.14 (1H, app. t, J = 
7.5 Hz), 3.74 (2H, t, J = 7.5 Hz), 2.68 (2H, t, J = 8.0 Hz), 2.03 (2H, tt, J = 8.0, 7.5 Hz); 13C NMR (125 
MHz, CDCl3) δ 168.4, 141.0, 133.8, 132.0, 128.3, 128.2, 125.9, 123.1, 37.8, 33.1, 29.8. 
 
 
N-Benzyl-4-nitro-N-(3-phenylpropyl)benzenesulfonamide (4e). 3-Phenylpropanol (68.1 mg, 
0.5 mmol) and N-benzyl-2-nitrobenzenesulfonylamide (175 mg, 0.6 mmol) were used as 
substrates. 5 h. 87% yield (178 mg, 0.43 mmol). Pale yellow oil. Elute: Hex/AcOEt = 5:1. 1H NMR 
(500 MHz, CDCl3) δ 7.91 (1H, d, J = 9.0 Hz), 7.70−7.58 (3H, m), 7.32−7.15 (8H. m), 6.98 (2H, d, J 
= 7.0 Hz), 4.52 (2H, s), 3.26 (2H, t, J = 7.5 Hz), 2.43 (2H, t, J = 7.0 Hz), 1.70 (2H, tt, J = 7.5, 7.0 Hz); 
13C NMR (150 MHz, CDCl3) δ 147.9, 140.9, 135.6, 133.7, 133.4, 131.6, 130.9, 128.7, 128.4, 128.3, 
128.2, 127.9, 126.0, 124.2, 51.2, 46.6, 32.6, 29.0.  
 
 
2-((3-Phenylpropyl)thio)benzo[d]thiazole (4f). 3-Phenylpropanol (68.1 mg, 0.5 mmol) and 2-
mercaptobenzothiazole (100 mg, 0.6 mmol) were used as substrates. 5 h. 100% yield (142 
mg, 0.50 mmol). Colorless oil. Elute: Hex/AcOEt=20:1. 1H NMR (500 MHz, CDCl3) δ 7.86 (1H, 
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app. d, J = 8.0 Hz), 7.74 (1H, app. d, J = 8.0 Hz), 7.40 (1H, app. t, J = 7.5 Hz), 7.31−7.27 (3H, m), 
7.21−7.18 (3H, m), 3.34 (2H, t, J = 7.5 Hz), 2.81 (2H, t, J = 7.5 Hz), 2.16 (2H, quint, J = 7.5 Hz); 13C 
NMR (125 MHz, CDCl3) δ 166.9, 153.3, 140.9, 135.1, 128.48, 128.44, 126.1, 126.0, 124.1, 121.4, 
120.9, 34.6, 32.8, 30.7. 
 
 
(R)-1-Ethoxycarbonylethyl 4-methoxybenzoate (4g). (‒)-(S)-Ethyl lactate (1a) (59.1 mg, 0.5 
mmol) and 4-methoxybenzoic acid (91.3 mg, 0.6 mmol) were used as substrates. 5 h. 88% 
yield (111 mg, 0.44 mmol) 99:1 er. Colorless oil. Elute: Hex/AcOEt = 10:1. 1H NMR (500 MHz, 
CDCl3) δ 8.04 (2H, app. d, J = 8.5 Hz), 6.93 (2H, app. d, J = 8.5 Hz), 5.28 (1H, q, J = 7.0 Hz), 4.23 
(2H, q, J = 7.0 Hz), 3.86 (3H, s), 1.61 (3H, d, J = 6.5 Hz), 1.28 (3H, t, J = 7.0 Hz); 13C NMR (125 
MHz, CDCl3) δ 171.0, 165.6, 163.6, 131.8, 121.8, 113.6, 68.8, 61.3, 55.4, 17.0, 14.0. The enantiomeric 
ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-Chiralpak OD-H 
46 × 150 mm, multi UV-Vis detector (250 nm), room temperature eluent: (n-hexane /i-PrOH) 99.5:0.5, 
flow rate: 1.0 mL/min, retention time (min) 29.2 (S isomer), 32.9 (R isomer). [α]D25 = ‒30.9 (c 
1.00, CHCl3) [Authentic sample (retention): (S)-1-Ethoxycarbonylethyl 4-methoxybenzoate (99:1 er), 
[α]D25 = +32.6 (c 1.00, CHCl3)]. 
 
 
(R)-1-Ethoxy-1-oxopropan-2-yl 3-phenylpropanoate (4h). (‒)-(S)-Ethyl lactate (1a) (59.1 mg, 0.5 
mmol) and 3-phenylpropionic acid (90.1 mg, 0.6 mmol) were used as substrates, and ethyl 
2-(4-chlorophenyl)azocarboxylate (3c) (213 mg, 1.0 mmol) was used as azo reagent. 8 h. 
97% yield (121 mg, 0.48 mmol) 97:3 er. Colorless oil. Elute: Hex/AcOEt = 10:1. 1H NMR (500 MHz, 
CDCl3) δ 7.29 (2H, app. t, J = 7.5 Hz), 7.22−7.19 (3H, m), 5.07 (1H, q, J = 7.5 Hz), 4.19 (2H, q, J = 
7.5 Hz), 2.98 (2H, t, J = 7.5 Hz), 2.77−2.67 (2H, m), 1.47 (3H, d, J = 7.5 Hz), 1.26 (3H, t, J = 7.5 Hz); 
13C NMR (150 MHz, CDCl3) δ 172.2, 170.8, 140.3, 128.4, 128.2, 126.2, 68.6, 61.3, 35.5, 30.7, 16.9, 
14.0. The enantiomeric ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: 
Daicel-Chiralpak OD-H 46 × 150 mm, multi UV-Vis detector (210 nm), room temperature eluent: (n-
hexane/i-PrOH) 99.5:0.5, flow rate: 1.0 mL/min, retention time (min) 30.2 (S isomer), 37.5 (R 
isomer). [α]D25 = +30.1 (c 1.00, CHCl3) [Authentic sample (retention): (S)-1-Ethoxy-1-oxopropan-2-





(R)-2-Octyl 4-nitrobenzoate (4i). (+)-(S)-2-Octanol (65.1 mg, 0.5 mmol, 99:1 er) and 4-
nitrobenzoic acid (2a) (100 mg, 0.6 mmol) were used as substrates. 5 h. 93% yield (129 mg, 
0.46 mmol) 99:1 er. Pale yellow oil. Elute: Hex/AcOEt = 30:1. 1H NMR (500 MHz, CDCl3) δ 8.29 
(2H, app. d, J = 9.0 Hz), 8.21 (2H, app. d, J = 9.0 Hz), 5.21−5.17 (1H, m), 1.77−1.73 (1H, m), 
1.66−1.62 (1H, m), 1.42−1.26 (8H, m), 1.38 (3H, d, J = 6.5 Hz), 0.88 (3H, t, J = 6.5 Hz); 13C NMR 
(125 MHz, CDCl3) δ 164.3, 150.4, 136.3, 130.6, 123.4, 73.1, 35.9, 31.7, 29.1, 25.4, 22.5, 20.0, 14.0. 
The enantiomeric ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-
Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (230 nm), room temperature eluent: (n-hexane/i-
PrOH) 99.5:0.5, flow rate: 0.5 mL/min, retention time (min) 15.1 (S isomer), 18.6 (R isomer). 
[α]D25 = ‒36.8 (c 1.00, CHCl3) [Authentic sample (retention): (S)-2-Octyl 4-nitrobenzoate (99:1 er), 





(+)-(R)-1-Phenyl-1-ethanol (61.1 mg, 0.5 mmol, 98:2 er) 
and 4-nitrobenzoic acid (2a) (100 mg, 0.6 mmol) were used as substrates. 5 h. 86% yield 
(116 mg, 0.43 mmol) 94:6 er. Colorless oil. Elute: Hex/AcOEt = 30:1. 1H NMR (500 MHz, CDCl3) 
δ 8.28 (2H, app. d, J = 9.0 Hz), 8.24 (2H, app. d, J = 9.0 Hz), 7.46−7.44 (2H, m), 7.39 (2H, app. t, J = 
7.0 Hz), 7.33 (1H, app. t, J = 7.5 Hz), 6.16 (1H, q, J = 7.0 Hz), 1.71 (3H, d, J = 7.0 Hz); 13C NMR 
(125 MHz, CDCl3) δ 163.9, 150.5, 140.9, 135.8, 130.7, 128.7, 128.2, 126.1, 123.5, 74.2, 22.2. The 
enantiomeric ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-
Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (210 nm), room temperature eluent: (n-hexane/i-
PrOH) 1:1 flow rate: 0.5 mL/min, retention time (min) 22.2 (R isomer), 26.5 (S isomer). [α]D25 
= +47.0 (c 1.00, CHCl3) [Authentic sample (retention): (R)-1-Phenylethyl 4-nitrobenzoate (98:2 er), 
[α]D25 = ‒49.0 (c 1.00, CHCl3)]. 
 
  
(S)-1-Ethoxy-1-oxo-4-phenylbutan-2-yl 4-nitrobenzoate (4k). Ethyl (‒)-(R)-2-hydroxy-4-
phenylbutyrate (104 mg, 0.5 mmol, 99:1 er) and 4-nitrobenzoic acid (2a) (100 mg, 0.6 mmol) 
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were used as substrates. 5 h. 91% yield (161 mg, 0.45 mmol) 98:2 er. Pale yellow oil. Elute: 
Hex/AcOEt = 15:1. 1H NMR (500 MHz, CDCl3) δ 8.29 (2H, app. d, J = 8.5 Hz), 8.17 (2H, app. d, J = 
8.5 Hz), 7.32−7.29 (2H, m), 7.23−7.20 (3H, m), 5.28 (1H, t, J = 6.5 Hz), 4.24 (2H, q, J = 7.5 Hz), 2.85 
(2H, t, J = 7.5 Hz), 2.36 (2H, dt, J = 7.5, 6.5 Hz), 1.29 (3H, t, J = 7.5 Hz); 13C NMR (125 MHz, CDCl3) 
δ 169.4, 164.1, 150.7, 140.2, 134.7, 131.0, 128.6, 128.4, 126.3, 123.5, 73.0, 61.7, 32.5, 31.5, 14.1. The 
enantiomeric ratio was determined by HPLC analysis using a chiral column. Chiral HPLC: Daicel-
Chiralpak OJ-H 46 × 150 mm, multi UV-Vis detector (210 nm), room temperature eluent: (n-hexane/i-
PrOH) 5:1, flow rate: 1.0 mL/min, retention time (min) 48.8 (S isomer), 24.1 (R isomer). [α]D25 
= ‒17.0 (c 1.00, CHCl3) [Authentic sample (retention): (R)-1-ethoxy-1-oxo-4-phenylbutan-2-yl 4-
nitrobenzoate (99:1 er), [α]D25 = +19.6 (c 1.00, CHCl3)]. 
 
Removal of hydrazine waste using aerobic oxidation with Fe(Pc): 
 
A mixture of N-(4-hydroxybutyl)-toluenesulfonamide (122 mg, 0.5 mmol), triphenylphosphine 
(157 mg, 0.6 mmol) and ethyl 2-(3,4-dichlorophenyl)azocarboxylate (3h) (148 mg, 0.6 mmol) in 
toluene (1.0 mL) was stirred under N2 (balloon) at room temperature. After the Mitsunobu reaction, to 
a crude mixture was added iron phthalocyanine (14.2 mg, 25 µmol), and the mixture was stirred at 
room temperature under air atmosphere (open flask) until disappearance of hydrazine waste. After the 
reaction mixture was filtered through Celite®, the solvent was removed under reduced pressure. The 
crude material was purified by silica gel chromatography (n-hexane/EtOAc). Ethyl 2-(3,4-
dichlorophenyl)azocarboxylate (3h) (140 mg, 0.56 mmol, 95%) was recovered from the first fraction 
as a red solid. The second fraction gave N-(p-Toluenesulfonyl)pyrrolidine (2l) as white solid. 
 
 
N-(p-Toluenesulfonyl)pyrrolidine (2l). 12 h. 99% yield (112 mg, 0.49 mmol). White solid. Elute: 
Hex/AcOEt = 5:1. 1H NMR (500 MHz, CDCl3) δ 7.72 (2H, app. d, J = 8.0 Hz), 7.32 (2H, app. d, J = 
8.0 Hz), 3.25−3.22 (4H, m), 2.44 (3H, s), 1.76−1.74 (4H, m); 13C NMR (125 MHz, CDCl3) δ 143.3, 
133.9, 129.6, 127.5, 47.9, 25.2, 21.5.  
 
Recycle of hydrazine waste using aerobic oxidation with Fe(Pc): 
 
To the waste of reaction (Table 3, Entries 1−10) contained hydrazine waste (ca. 0.6 × 10 mmol) was 
added iron phthalocyanine (171 g, 300 µmol) in toluene (30 mL), and the mixture was stirred at room 
temperature under air atmosphere (bubbling condition) for 10 hours until disappearance of hydrazine 
199 
 
waste. After the reaction mixture was purified by only silica gel filtration (toluene) to give the ethyl 
2-(3,4-dichlorophenyl)azocarboxylate (3h) (1.40 g, 5.65 mmol, 95%) as a red solid. 
 
NMR experiments of intermediates in the Mitsunobu reactions with ethyl 2-arylazocarboxylates: 
 




A suspension of aniline (186 mg, 2.0 mmol) or aniline-15N (189 mg, 2.0 mmol, 98.8% 15N 
incorporation) in concentrated HCl aq. (2.0 mL) was cooled to 0 °C. A solution of Na15NO2 (154 mg, 
2.2 mmol, 99.2% 15N incorporation) or NaNO2 (152 mg, 2.2 mmol) in water (2.2 mL) was added 
dropwise to the suspension. After the mixture was stirred for 30 min at 0 °C, a solution of SnCl2 (1.18 
g, 6.2 mmol) in concentrated HCl aq. (6.2 mL) was slowly added to the mixture. The mixture was 
stirred for 1 h at 0 °C, and the formed precipitate was collected by filtration. The precipitate was 
washed with diluted HCl aq. and dried under vacuum. To a solution of the obtained crude products 
and pyridine (791 mg, 10 mmol) in CH3CN (10 mL) was added dropwise ethylchloroformate (260 mg, 
2.4 mmol) at 0 °C. The mixture was stirred for 10 min at 0 °C and for 4 h at room temperature. The 
reaction mixture was poured into water and extracted with ethyl acetate. The combined organic layers 
were washed with brine, and dried with Na2SO4. After the solvent was evaporated, the crude product 
was washed by hexane, and dryed under vacuum. A mixture of the crude products and iron 
phthalocyanine (57 mg, 0.1 mmol) in CH2Cl2 (10 mL) was stirred for 15 h at room temperature under 
air. After the solvent was removed under reduced pressure, the residue was purified by flash 
chromatography (silica gel, hexane/EtOAc, 5:1) to give ethyl 2-phenylazocarboxylate-1-15N (3a-15N) 
(98.6 mg, 0.55 mmol, 28% yield from aniline) or ethyl 2-phenylazocarboxylate-2-15N (3a-15N’) (79 
mg, 0.44 mmol, 23% yield from aniline-15N) as a red oil. 
 
3a-15N: 1H NMR (500 MHz, CDCl3): δ 7.91‒7.96 (m, 2H, H-2 and H-6), 7.56‒7.61 (m, 1H, H-4), 
7.50‒7.56 (m, 2H, H-3 and H-5), 4.52 (q, J = 7.1 Hz, 2H, CH2), 1.47 (t, J = 7.1 Hz, 3H, CH3); 13C 
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NMR (126 MHz, CDCl3): δ 162.2 (CO), 151.6 (d, J = 4.9 Hz, C-1), 133.8 (C-4), 129.3 (C-3 and C-5), 
123.7 (d, J =3.8 Hz, C-2 and C-6), 64.4 (CH2), 14.1 (CH3); 15N NMR (51 MHz, CDCl3) δ 149 (ArN), 
107.2 (15N-CO); IR 3064, 2983, 1751, 1588, 1489, 1473, 1449, 1234 cm-1; HRMS (ESI+) (m/z): 
[M+H]+ calcd for C9H11N(15N)O2: 180.0785; found: 180.0787. 
 
3a-15N’: 1H NMR (500 MHz, CDCl3): δ 7.92‒7.96 (m, 2H, H-2 and H-6), 7.57‒7.62 (m, 1H, H-4), 
7.50‒7.56 (m, 2H, H-3 and H-5), 4.53 (q, J = 7.1 Hz, 2H, CH2), 1.48 (t, J = 7.1 Hz, 3H, CH3); 13C 
NMR (126 MHz, CDCl3): δ 162.2 (d, J = 6.3 Hz, CO), 151.6 (d, J = 2.8 Hz, C-1), 133.8 (C-4), 129.3 
(d, J = 1.8 Hz, C-3 and C-5), 123.7 (d, J =4.3 Hz, C-2 and C-6), 64.5 (CH2), 14.1 (CH3); 15N NMR 
(51 MHz, CDCl3): δ 149 (Ar-15N); IR 3063, 2983, 2939, 1750, 1587, 1490, 1471, 1459, 1233 cm-1; 
HRMS (ESI+) (m/z): [M+H]+ calcd for C9H11N(15N)O2: 180.0785; found: 180.0785. 
 




According to the procedure for preparation of 3a-15N, ethyl 2-(3,4-
dichlorophenyl)hydrazinecarboxylate-1-15N and ethyl 2-(4-cyanophenyl)hydrazine-1-15N were 
prepared from 3,4-dichloroaniline and 4-cyanoaniline. To a solution of an appropriate hydrazide (0.5 
mmol) and pyridine (101 L, 99 mg, 1.25 mmol) in dichloromethane (4 mL), N-bromosuccinimide 
(98 mg, 0.55 mmol) was added portion-wise at room temperature. After stirring for 30 min at room 
temperature, the reaction mixture was diluted with dichloromethane (15 mL), and the organic layer 
was successively washed with 1 M solution of hydrochloric acid (10 mL), 1.5% solution of sodium 
thiosulfate (5 mL), a saturated solution of sodium bicarbonate (10 mL) and brine (10 mL), and dried 
over anhydrous sodium sulfate. After the solvent was evaporated, the crude product was purified by 
flash chromatography (silica gel, hexanes/EtOAc, 6:1) to give the corresponding azo compound. 
 
3h-15N: 92% yield (114 mg, 0.46 mmol). Red solid, mp 49‒50 °C. 1H NMR (500 MHz, CDCl3): δ 
8.02 (d, J = 2.2 Hz, 1H, H-2), 7.81 (dd, J1 = 8.6 Hz, J2 = 2.2 Hz, 1H, H-6), 7.63 (d, J = 8.6 Hz, 1H, H-
5), 4.53 (q, J = 7.1 Hz, 2H, CH2), 1.47 (t, J = 7.1 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3): δ161.6 
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(CO), 150.3 (d, J = 5.3 Hz, C-1), 138.1 (C-4), 134.0 (C-3), 131.2 (C-5), 124.6 (d, J = 4.1 Hz, C-2), 
123.6 (d, J =3.9 Hz, C-6), 64.8 (CH2), 14.1 (CH3); 15N NMR (51 MHz, CDCl3): δ 114 (15N-CO); IR 
3351, 3094, 2983, 1755, 1586, 1520, 1471, 1383, 1234 cm-1; HRMS (ESI+) (m/z): [M+H]+ calcd for 
C9H9Cl2N(15N)O2: 248.0006; found: 248.0006. 
 
3e-15N: 95% yield (97.0 mg, 0.475 mmol). Red solid, mp 45‒46 °C. 1H NMR (500 MHz, CDCl3): δ 
8.00 (d, J = 8.5 Hz, 2H, H-2 and H-6), 7.85 (d, J = 8.5 Hz, 2H, H-3 and H-5), 4.55 (q, J = 7.2 Hz, 2H, 
CH2), 1.48 (t, J = 7.2 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3): δ 161.6 (CO), 153.1 (d, J = 5.3 Hz, 
C-1), 133.4 (C-3 and C-5), 124.0 (d, J =4.1 Hz, C-2 and C-6), 117.8 (CN), 116.7 (C-4), 65.0 (CH2), 
14.1 (CH3); 15N NMR (51 MHz, CDCl3): δ 145 (Ar-N), 125 (15N-CO); IR 3096, 2993, 2230, 1751, 
1599, 1496, 1468, 1237 cm-1; HRMS (ESI+) (m/z): [M+H]+ calcd for C10H10N2(15N)O2: 205.0738; 
found: 205.0738. 
 
Procedure for preparation of diethyl azodicarboxylate-1,2-15N2 (di-15N-DEAD): 
 
 
To a solution of hydrazine-15N2 sulfate salt (130 mg, 1.0 mmol) and pyridine (316 mg, 4.0 mmol) in 
acetonitrile (4 mL), ethyl chloroformate (238 mg, 2.2 mmol) was added dropwise at 0 °C. The reaction 
mixture was stirred for 15 minutes at 0 °C and then for 1 h at room temperature. The reaction mixture 
was diluted with dichloromethane (25 mL), and the organic layer was successively washed with 1 M 
solution of hydrochloric acid (1M, 10 mL), a saturated solution of sodium bicarbonate (10 mL) and 
brine (10 mL), and dried over anhydrous sodium sulfate. Solvent evaporation afforded pure diethyl 
hydrazinecaroboxylate-1,2-15N2 (128 mg, 0.72 mmol, 72%) as white crystals, which was used in next 
step without further purification. According to the procedure for preparation of 3h-15N and 3e-15N, 
diethyl hydrazinecaroboxylate-1,2-15N2 was oxidized by treatment of NBS and pyridine in 
dichloromethane to give diethyl azodicarboxylate-1,2-15N2 (78 mg, 0.445 mmol, 89%) as a yellow oil.  
 
Diethyl hydrazine-1,2-dicarboxylate-1,2-15N2. mp 131‒133 °C. 1H NMR (500 MHz, CDCl3): δ 6.44 
(d, J = 100.9 Hz, 15NH), 4.21 (q, J = 7.1 Hz, 2H, CH2), 1.28 (t, J = 7.1 Hz, 3H, CH3); 13C NMR (126 
MHz, CDCl3): δ 156.8 (br s, CO), 62.3 (CH2), 14.4 (CH3); 15N NMR (51 MHz, CDCl3): δ 97 (15NH-
CO); IR 3228, 2990, 2917, 1745, 1693, 1516, 1481, 1233 cm-1; HRMS (ESI+) (m/z): [M + H]+ calcd 




di-15N-DEAD. 1H NMR (500 MHz, CDCl3): δ4.51 (q, J = 7.1 Hz, 2H, CH2), 1.45 (t, J = 7.1 Hz, 3H, 
CH3); 13C NMR (126 MHz, CDCl3): δ160.3 (dd, J = 2.3, 2.3 Hz, CO), 65.5 (CH2), 14.0 (CH3); 15N 
NMR (51 MHz, CDCl3): δ 150 (15N-CO); IR 2987, 1768, 1471, 1368 cm–1; HRMS (ESI+) (m/z): [M 
+ 3H]+ calcd for C6H13(15N)2O4: 179.0811; found: 179.0809. 
 
General procedure for preparation and analysis of betaine intermediates 6: 
A solution of an azo compound (0.04 mmol) in CDCl3 (0.4 mL) was added to an NMR tube under 
argon atmosphere, followed by the addition of a solution of triphenylphospine (0.4 mmol) in CDCl3 
(0.4 mL). NMR spectra were recorded after 10 minutes. 
 
 
1H NMR (500 MHz, CDCl3): δ 7.91‒7.84 (m, 6H, H-2’ and H-6’), 7.63‒7.57 (m, 3H, H-4’), 7.51‒
7.40 (m, 6H, H-3’ and H-5’), 7.14‒7.09 (m, 2H, H-2 and H-6), 7.03‒6.97 (m, 2H, H-3 and H-5), 6.91 
‒6.86 (m, 1H, H-4 ), 3.82 (q, J = 7.0 Hz, 2H, -CH2CH3), 1.04 (t, J = 7.0 Hz, 3H, CH3); 13C NMR (126 
MHz, CDCl3): δ168.1 (d, J = 6.4 Hz, CO) , 144.1 (d, J = 12.1 Hz, C-1), 134.6 (d, J = 10.3 Hz, C-2’ 
and C-6’), 133.3 (d, J = 1.9 Hz, C-4’), 128.9 (d, J = 13.1 Hz, C-3’ and C-5’), 128.1 (C-3 and C-5), 
124.8 (C-2 and C-6), 124.0 (C-4), 121.7 (d, J = 103.0 Hz, C-1’), 59.1 (CH2), 15.2 (CH3); 15N NMR 
(51 MHz, CDCl3): δ 182 (15N-CO), 83 (Ar-N); 31P NMR (202 MHz, CDCl3): δ +33.3 (d, J = 5.2 Hz); 
HRMS (ESI+) (m/z): [M+H]+ calcd for C27H26N(15N)O2P: 442.1697; found: 442.1694. 
 
 
1H NMR (500 MHz, CDCl3): δ 7.91‒7.84 (m, 6H, H-2’ and H-6’), 7.61‒7.56 (m, 3H, H-4’), 7.51‒
7.41 (m, 6H, H-3’ and H-5’), 7.15‒7.10 (m, 2H, H-2 and H-6), 7.03 ‒6.97 (m, 2H, H-3 and H-5), 6.91‒
6.86 (m, 1H, H-4 ), 3.86‒3.80 (m, 2H, -CH2), 1.06‒1.01 (m, 3H, CH3); 13C NMR (126 MHz, CDCl3): 
δ 168.1 (d, J = 6.1 Hz, CO), 144.0 (d, J = 12.4 Hz, C-1), 134.6 (d, J = 10.3 Hz, C-2’ and C-6’), 133.3 
(d, J = 2.3 Hz, C-4’), 128.9 (d, J = 12.9 Hz, C-3’ and C-5’), 128.2 (d, J = 7.0 Hz, C-3 and C-5), 124.7 
(C-2 and C-6), 124.0 (C-4), 59.1 (CH2), 15.2 (CH3);15N NMR (51 MHz, CDCl3): δ 84 (Ar-15N); 31P 
NMR (202 MHz, CDCl3): δ +33.4 (d, J = 6.2 Hz); HRMS (ESI+) (m/z): [M+H]+ calcd for 





1H NMR (500 MHz, CDCl3): δ 7.91‒7.83 (m, 6H, H-2’ and H-6’), 7.67‒7.62 (m, 3H, H-4’), 7.54‒
7.49 (m, 6H, H-3’ and H-5’), 7.21‒7.17 (m, 1H, H-2 ), 7.02 (d, J = 8.7 Hz, 1H, H-5), 6.86‒6.82 (m, 
1H, H-6 ), 3.82 (q, J = 7.0 Hz, 2H, CH2), 1.03 (t, J = 7.0 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3): 
δ 168.0 (dd, J1 = 5.5 Hz, J2 = 1.8 Hz, CO), 144.1 (d, J = 12.8 Hz, C-1), 134.6 (d, J = 10.5 Hz, C-2’ 
and C-6’), 134.1 (d, J = 2.5 Hz, C-4’), 131.9 (C-3), 129.4 (C-5), 129.1 (d, J = 12.9 Hz, C-3’ and C-5’), 
127.1 (C-4), 125.6 (d, J = 3.1 Hz, C-2), 123.1 (d, J = 2.5 Hz, C-6), 122.4 (d, J = 103.3 Hz, C-1’), 59.3 
(CH2), 15.2 (CH3); 15N NMR (51 MHz, CDCl3): δ 182 (15N-CO); 31P NMR (202 MHz, CDCl3): δ 
+34.5 (d, J = 5.0 Hz); HRMS (ESI+) (m/z): [M + H]+ calcd for C27H24Cl2N(15N)O2P: 510.0917; found: 
510.0915. 
 
entry solvent 31P NMR (202 MHz) δ (ppm) 
1 THF-d8 +21.1  
2 CDCl3 +34.5 
3 CD3CN +33.7 
4 toluene-d8 Not detected 
Table S1. Chemical shifts of betaine 6h in 31P NMR spectrum. 
 
 
1H NMR (500 MHz, CDCl3): δ 7.92–7.83 (m, 6H, H-2’ and H-6’), 7.71‒7.65 (m, 3H, H-4’), 7.56‒
7.49 (m, 6H, H-3’ and H-5’), 7.27 (d, J = 8.5 Hz, 2H, H-3 and H-5), 7.00 (d, J = 8.5 Hz, 2H, H-2 and 
H-6), 3.71 (q, J = 7.0 Hz, 2H, -CH2CH3), 0.96 (t, J = 7.0 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3): 
δ 168.4 (CO), 149.4 (d, J = 15.7 Hz), 134.7 (d, J = 10.6 Hz, C-2’ and C-6’), 134.2 (d, J = 2.6 Hz, C-
4’), 132.0 (C-3 and C-5), 129.2 (d, J = 13.2 Hz, C-3’ and C-5’), 121.7 (d, J = 103.1 Hz, C-1’), 120.6 
(d, J = 3.2 Hz, C-2 and C-6), 119.2 (CN), 104.7 (C-4), 59.3 (CH2), 15.1 (CH3); 15N NMR (51 MHz, 
CDCl3): δ 179 (15N-CO), 90 (Ar-N); 31P NMR (202 MHz, CDCl3): δ +35.4 (s); HRMS (ESI+) (m/z): 





1H NMR (500 MHz, CDCl3): δ 7.97–7.90 (m, 6H, H-2’ and H-6’), 7.71‒7.65 (m, 3H, H-4’), 7.58‒
7.52 (m, 6H, H-3’ and H-5’), 4.16 (q, J = 7.0 Hz, 2H, Ph3P-N-COOCH2), 3.74 (q, J = 7.0 Hz, 2H, 
N=COOCH2), 1.20 (t, J = 7.0 Hz, 3H, Ph3P-N-COOCH2CH3), 0.94 (t, J = 7.0 Hz, 3H, 
N=COOCH2CH3); 13C NMR (126 MHz, CDCl3): δ 168.2 (N=COOCH2CH3), 158.2 (t, J = 23.0 Hz, 
Ph3P-N-COOCH2CH3), 134.6 (d, J = 10.8 Hz, C-2’ and C-6’), 133.8 (d, J = 2.4 Hz, C-4’), 128.8 (d, J 
= 13.2 Hz, C-3’ and C-5’), 121.7 (d, J = 103.5 Hz, C-1’), 63.5 (Ph3P-N-COOCH2CH3), 59.5 
(N=COOCH2CH3), 15.1 (N=COOCH2CH3), 14.1 (Ph3P-N-COOCH2CH3); 15N NMR (51 MHz, 
CDCl3): δ 171 (15N=CO), 113 (Ph3P-15N); 31P NMR (202 MHz, CDCl3): δ +44.2 (s); HRMS (ESI+) 
(m/z): [M + H]+ calcd for C24H26(15N)2O4P: 439.1565; found: 439.1564. 
 
 
1H NMR (500 MHz, CDCl3): δ 7.92–7.86 (m, 6H, H-2’ and H-6’), 7.61‒7.56 (m, 3H, H-4’), 7.49‒
7.41 (m, 6H, H-3’ and H-5’), 7.14‒7.11 (m, 2H, H-2 and H-6), 7.03‒6.98 (m, 2H, H-3 and H-5), 6.91‒
6.86 (m, 1H, H-4 ), 3.84 (q, J = 7.1 Hz, 2H, -CH2), 1.04 (t, J1 = 7.1 Hz, 3H, CH3); 13C NMR (126 
MHz, CDCl3): δ 168.0 (br s, CO), 144.0 (d, J = 12.4 Hz, C-1), 134.6 (d, J = 10.4 Hz, C-2’ and C-6’), 
132.9 (C-4’), 128.9 (d, J = 13.0 Hz, C-3’ and C-5’), 128.1 (C-3 and C-5), 124.8 (d, J = 3.0 Hz, C-2 
and C-6), 124.0 (C-4), 59.2 (CH2), 15.2 (CH3), (C-1’ overlaid); 15N NMR (51 MHz, CDCl3): δ 83 (Ar-
N); 31P NMR (202 MHz, CDCl3): δ +33.9 (s); HRMS (ESI+) (m/z): [M + H]+ calcd for C27H26N2O2P: 
441.1718; found: 441.1717. 
 
 
1H NMR (500 MHz, CDCl3): δ 7.91–7.84 (m, 6H, H-2’ and H-6’), 7.67‒7.62 (m, 3H, H-4’), 7.54‒
7.48 (m, 6H, H-3’ and H-5’), 7.22‒7.18 (m, 1H, H-2 ), 7.02 (d, J = 8.8 Hz, 1H, H-5), 6.86‒6.82 (m, 
1H, H-6 ), 3.82 (q, J = 7.1 Hz, 2H, -CH2), 1.03 (t, J1 = 7.1 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3): 
δ 168.0 (d, J1 = 5.5 Hz), 144.1 (d, J = 13.1 Hz, C-1), 134.6 (d, J = 10.6 Hz, C-2’ and C-6’), 134.1 (d, 
J = 2.4 Hz, C-4’), 131.9 (C-3), 129.4 (C-5), 129.2 (d, J = 13.0 Hz, C-3’ and C-5’), 127.1 (C-4), 125.6 
(d, J = 3.2 Hz, C-2), 123.1 (d, J = 2.7 Hz, C-6), 122.4 (d, J = 103.3 Hz, C-1’), 59.3 (CH2), 15.2 (CH3); 
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15N NMR (51 MHz, CDCl3): δ 85 (Ar-N); 31P NMR (202 MHz, CDCl3): δ +34.5 (s); HRMS (ESI+) 
(m/z): [M + H]+ calcd for C27H24Cl2N2O2P: 509.0947; found: 509.0943. 
 
Procedure for methylation of the betaine with MeI: 
a) A preparative method 
 
To a solution of ethyl 2-(3,4-dichlorophenyl)diazene-1-carboxylate (3h, 247 mg, 1.0 mmol) in dry 
dichloromethane (distilled over CaH2), triphenylphosphine (1.05 g, 4.0 mmol) was added under argon 
atmosphere. The reaction mixture was stirred at room temperature for 5 minutes, and then methyl 
iodide (710 mg, 5.0 mmol) was added via syringe. After 30 minutes of stirring at room temperature, 
the solvent was evaporated under reduced pressure (clean and quantitative conversion of starting 
diazene). The excess of PPh3 reacts into phosphonium salt +PPh3Me –I. 
 
Methylated adduct: 1H NMR (500 MHz, CDCl3, 296 K): δ 7.89–7.98 (m, 6H, H-2’ and H-6’), 7.60–
7.85 (H-4’, H-3’ and H-5’ resonances overlaid with resonances for +PPh3Me -I), 7.27 (H-5, overlaid), 
6.92 (d, J = 2.7 Hz, H-2), 6.71 (dd, J1 = 8.9, 2.7 Hz, 1H, H-6), 3.90–4.04 (m, -CH2CH3), 3.38 (br s, 
3H, N-CH3), 1.02–1.10 (m, 3H, -CH2CH3); HRMS (ESI+) (m/z): [M–I]+ calcd for C28H26Cl2N2O2P: 
523.1103; found: 523.1099. 
 
The crude product (methylated adduct) was subjected to a purification on silica gel column 
chromatography (dichloromethane/methanol/ammonium hydroxide solution 80/10/1) to obtain ethyl 
2-(3,4-dichlorophenyl)-1-methylhydrazine-1-carboxylate as a brown oil. IR 3213, 3053, 1704, 1594, 
1473, 1433, 1373, 1175 cm-1; 1H NMR (500 MHz, CDCl3, 296 K): δ 7.27 (d, J = 8.7 Hz, H-5), 6.81 
(d, J = 2.4 Hz, H-2), 6.57 (dd, J = 8.7, 2.4 Hz, 1H, H-6), 6.01 (br s, 1H, NH), 4.17 (q, J = 7.0 Hz, CH2), 
3.23 (s, 3H, -N-CH3), 1.24 (br s, 3H, -CH2CH3); 13C NMR (126 MHz, CDCl3): δ 157.0 (CO), 146.8 
(C-1), 133.1 (C-3), 130.8 (C-5), 123.6 (C-4), 114.3 (C-2), 112.4 (C-6), 62.5 (CH2), 37.8 (N-CH3), 14.6 
(CH3); HRMS (ESI+) (m/z): [M+H]+ calcd for C10H13Cl2N2O2: 263.0349; found: 263.0345. 
 




A similar protocol as described below (preparative method) was used for the NMR experiment with 
3h-15N in CDCl3 in an NMR tube. 
7: 1H NMR (500 MHz, CDCl3, 297K): δ 7.40‒7.90 (N-+P(C6H5)3 resonances overlaid with resonances 
for +PPh3Me -I), 7.18 (H-5, overlaid), 6.82 (d, J = 2.7 Hz, 1H, H-2), 6.64 (dd, J = 8.8, 2.7 Hz, 1H, H-
6), 3.78‒3.94 (m, 2H, -CH2CH3), 3.27 (br s, 3H, N-CH3), 0.90‒1.02 (m, 3H, CH3); 13C NMR (126 
MHz, CDCl3): δ 155.2 (br s, CO), 137.8 (d, J = 13.7 Hz, C-1), 119.6 (C-2), 118.1 (C-6), 63.4 (CH2), 
38.3 (N-CH3), 13.6 (CH3), (C-3, C-4, C-5, N-+P(C6H5)3 resonances overlaid); 15N NMR (51 MHz, 
CDCl3): δ 109 (15N-CO), 89 (Ar-N); 31P NMR (202 MHz, CDCl3): δ +51.1 (s); HRMS (ESI+) (m/z): 




Table S2. NMR data of diazenes 3 
Atom 
      
CH3 1.48 (t, J = 7.2 Hz, 3H) 1.47 (t, J = 7.1 Hz, 3H) 1.47 (t, J = 7.1 Hz, 3H) 1.47 (t, J = 7.1 Hz, 3H) 1.48 (t, J = 7.1 Hz, 3H) 1.48 (t, J = 7.2 Hz, 3H) 
CH2 4.53 (q, J = 7.2 Hz, 2H) 4.53 (q, J = 7.1 Hz, 2H) 4.52 (q, J = 7.1 Hz, 2H) 4.52 (q, J = 7.1 Hz, 2H) 4.53 (q, J = 7.1 Hz, 2H) 4.55 (q, J = 7.2 Hz, 2H) 
H2 8.02 (d, JH2–H6 = 2.3 Hz, 1H) 8.02 (d, JH2–H6 = 2.2 Hz, 1H) 7.92‒7.96 (m, 1H) 7.91‒7.96 (m, 1H) 7.92‒7.96 (m, 1H) 8.00 (d, JH2–H3 = 8.5 Hz, 1H) 
H3 – – 7.51‒7.56 (m, 1H) 7.50‒7.56 (m, 1H) 7.50‒7.56 (m, 1H) 7.85 (d, JH2–H3 = 8.5 Hz, 1H) 
H4 – – 7.57‒7.61 (m, 1H) 7.56‒7.61 (m, 1H) 7.57‒7.62 (m, 1H) – 
H5 7.64 (d, JH5–H6 = 8.5 Hz, 1H) 7.63 (d, JH5–H6 = 8.6 Hz, 1H) 7.51‒7.56 (m, 1H) 7.50‒7.56 (m, 1H) 7.50‒7.56 (m, 1H) 7.85 (d, JH5–H6 = 8.5 Hz, 1H) 
H6 7.81 (dd, JH5–H6 = 8.5 Hz, 
JH2–H6 = 2.3 Hz, 1H) 
7.81 (dd, JH5–H6 = 8.6 Hz, 
JH2–H6 = 2.2 Hz, 1H) 
7.92‒7.96 (m, 1H) 7.91‒7.96 (m, 1H) 7.92‒7.96 (m, 1H) 8.00 (d, JH5–H6 = 8.5 Hz, 1H) 
CH3 14.2 (s) 14.1 (s) 14.1 (s) 14.1 (s) 14.1 (s) 14.1 (s) 
CH2 64.8 (s) 64.8 (s) 64.5 (s) 64.4 (s) 64.5 (s) 65.0 (s) 
CO 161.7 (s) 161.6 (s) 162.2 (s) 162.2 (s) 162.2 (d, JCO-ArN = 6.3 Hz) 161.6 (s) 
C1 150.3 (s) 150.3 (d, JC1-NCO = 5.3 Hz) 151.6 (s) 151.6 (d, JC1-NCO = 4.9 Hz) 151.6 (d, JC1-ArN = 2.8 Hz) 153.1 (d, JC1-NCO = 5.3 Hz) 
C2 124.6 (s) 124.6 (d, JC2-NCO = 4.1 Hz) 123.7 (s) 123.7 (d, JC2-NCO = 3.8 Hz) 123.7 (d, JC2-ArN = 4.3 Hz) 124.0 (d, JC2-NCO = 4.1 Hz) 
C3 134.0 (s) 134.0 (s) 129.3 (s) 129.3 (s) 129.3 (d, JC3-ArN = 1.8 Hz) 133.4 (s) 
C4 138.1 (s) 138.1 (s) 133.8 (s) 133.8 (s) 133.8 116.7 (s) 
C5 131.2 (s) 131.2 (s) 129.3 (s) 129.3 (s) 129.3 (d, JC3-ArN = 1.8 Hz) 133.4 (s) 
C6 123.6 (s) 123.6 (d, JC6-NCO = 3.9 Hz) 123.7 (s) 123.7 (d, JC6-NCO = 3.8 Hz) 123.7 (d, JC6-ArN = 4.3 Hz) 124.0 (d, JC6-NCO = 4.1 Hz) 
CN – – – – – 117.8 
ArN 142 ND 149 149 149 145 
NCO ND 114 ND 107 ND 125 





Table S3. NMR data of betaine intermediates 6 
Atom       
CH3 1.03 (t, J = 7.1 Hz, 3H) 1.03 (t, J = 7.0 Hz, 3H) 1.04 (t, J = 7.1 Hz, 3H) 1.04 (t, J = 7.0 Hz, 3H) 1.01‒1.06 (m, 3H) 0.96 (t, J = 7.0 Hz, 3H) 
CH2 3.82 (q, J = 7.1 Hz, 2H) 3.82 (q, J = 7.0 Hz, 2H) 3.84 (q, J = 7.0 Hz) 3.82 (q, J = 7.0 Hz) 3.80‒3.86 (m, 3H) 3.71 (q, J = 7.0 Hz, 2H) 
H2 7.18–7.22 (m, 1H) 7.17–7.21 (m, 1H) 7.11‒7.14 (m, 1H) 7.09‒7.14 (m, 1H) 7.10‒7.15 (m, 1H) 7.00 (d, JH2–H3 = 8.5 Hz, 1H) 
H3 – – 6.98‒7.03 (m, 1H) 6.97‒7.03 (m, 1H) 6.97‒7.03 (m, 1H) 7.27 (d, JH2–H3 = 8.5 Hz, 1H) 
H4 – – 6.86‒6.91 (m, 1H) 6.86‒6.91 (m, 1H) 6.86‒6.91 (m, 1H) – 
H5 7.02 (d, JH5–H6 = 8.8 Hz, 1H) 7.02 (d, JH5–H6 = 8.7 Hz, 1H) 6.98‒7.03 (m, 1H) 6.97‒7.03 (m, 1H) 6.97‒7.03 (m, 1H) 7.27 (d, JH5–H6 = 8.5 Hz, 1H) 
H6 6.82–6.86 (m, 1H) 6.82–6.86 (m, 1H) 7.11‒7.14 (m, 1H) 7.09‒7.14 (m, 1H) 7.10‒7.15 (m, 1H) 7.00 (d, JH5–H6 = 8.5 Hz, 1H) 
H2’,H6’ 7.84–7.91 (m, 6H) 7.83–7.91 (m, 6H) 7.86–7.92 (m, 6H) 7.84–7.91 (m, 6H) 7.84–7.91 (m, 6H) 7.83–7.92 (m, 6H) 
H3’,H5’ 7.48‒7.54(m, 6H) 7.49‒7.54 (m, 6H) 7.41–7.49 (m, 6H) 7.40–7.51 (m, 6H) 7.41–7.51 (m, 6H) 7.49‒7.56 (m, 6H) 
H4’ 7.62‒7.67 (m, 3H) 7.62‒7.67 (m, 3H) 7.56‒7.61 (m, 3H) 7.57‒7.63 (m, 3H) 7.56‒7.61 (m, 3H) 7.65‒7.71 (m, 3H) 
CH3 15.2 (s) 15.2 (s) 15.2 (s) 15.2 (s) 15.2 (s) 15.1 (s) 
CH2 59.3 (s) 59.3 (s) 59.2 (s) 59.1 (s) 59.1 (s) 59.3 (s) 
CO 168.0 (d, JCO-P = 5.5 Hz) 168.0 (dd, J = 5.5, 1.8 Hz) 168.0 (br s) 168.1 (d, JCO-P = 6.4 Hz) 168.1 (d, JCO-P = 6.1 Hz) 168.4 (br s) 
C1 144.1 (d, JC1-P = 13.1 Hz) 144.1 (d, JC1-P = 12.8 Hz) 144.0 (d, JC1-P = 12.4 Hz) 144.1 (d, JC1-P = 12.1 Hz) 144.0 (dd, JC1-P = 12.4 Hz,
 JC1-N 
= 12.4 Hz) 
149.4 (d, JC1-P = 15.7 Hz) 
C2 125.6 (d, J = 3.2 Hz) 125.6 (d, J = 3.1 Hz) 124.8 (d, J = 3.0 Hz) 124.8 (s) 124.7 (br s) 120.6 (d, J = 3.2 Hz) 
C3 131.9 (s) 131.9 (s) 128.1 (s) 128.1 (s) 128.2 (d, JC3-N = 7.0 Hz) 132.0 (s)  
C4 127.1 (s) 127.1 (s) 124.0 (s) 124.0 (s) 124.0 (s) 104.7 (s) 
C5 129.4 (s) 129.4 (s) 128.1 (s) 128.1 (s) 128.2 (d, JC5-N = 7.0 Hz) 132.0 (s) 
C6 123.1 (d, J = 2.7 Hz) 123.1 (d, J = 2.5 Hz)  124.8 (d, J = 3.0 Hz) 124.8 (s) 124.7 (br s) 120.6 (d, J = 3.2 Hz) 
C1’ 122.4 (d, JP-C = 103.3 Hz) 122.4 (d, JP-C = 103.3 Hz) ND 121.7 (d, JP-C = 103.0 Hz) ND 121.7 (d, JP-C = 103.1 Hz) 
C2’,C6’ 134.6 (d, JP-C = 10.6 Hz) 134.6 (d, JP-C = 10.5 Hz) 134.6 (d, J = 10.4 Hz) 134.6 (d, JP-C = 10.3 Hz) 134.6 (d, JP-C = 10.3 Hz) 134.7 (d, JP-C = 10.6 Hz) 
C3’,C5’ 129.2 (d, JP-C = 13.0 Hz) 129.1 (d, JP-C = 12.9 Hz) 128.9 (d, J = 13.0 Hz) 128.9 (d, JP-C = 13.1 Hz) 128.9 (d, JP-C = 12.9 Hz) 129.2 (d, JP-C = 13.2 Hz) 
C4’ 134.1 (d, JP-C = 2.4 Hz) 134.1 (d, JP-C = 2.5 Hz) 132.9 (br s) 133.3 (d, JP-C = 1.9 Hz) 133.3 (d, JP-C = 2.3 Hz) 134.2 (d, JP-C = 2.6 Hz) 
CN – – – – – 119.2 
P 34.5 (s) 34.5 (d, JP-NCO = 5.0 Hz) 33.9 (s) 33.3 (d, JP-NCO = 5.2 Hz) 33.4 (d, JP-NCO = 6.2 Hz) 35.4 (s) 
ArN 85 ND 83 83 84 90 




Detection of di-n-butoxytriphenylphosphorane (12) by 31P NMR analysis in several solvents: 
 
 
A solution of ethyl 2-(3,4-dichlorophenyl)azocarboxylate (3h) (24.7 mg, 0.1 mmol), n-BuOH (74.1 
mg, 1.0 mmol) and powder of activated molecular sieves 5Å (300 mg) in THF-d8 (1.0 mL) was stirred 
in a 10 mL round-bottom flask for 30 min. Triphenylphosphine (262 mg, 1.0 mmol) was added to the 
stirred solution at 23 °C under N2 atmosphere. A small amount (ca. 0.5 mL) of a sample was taken 
from the reaction mixture, and rapidly filtered through a cotton plug. The obtained clear solution was 
analyzed by 31P NMR.  
 
entry solvent 31P NMR (243 MHz) δ (ppm) 
1 THF-d8 ‒56.0 (‒55.0)2  
2 CDCl3 ‒55.3 
3 CD3CN ‒55.2 
4 toluene-d8 ‒55.8 




(1) D. Urankar, M. Steinbücher, J. Kosjek, J. Košmrlj, Tetrahedron 2010, 66, 2602–2613. 









All reactions were carried out in oven-dried glassware under a nitrogen or an oxygen atmosphere. All 
commercially available reagents were used without further purification [Supplier of main reagents, 
Fe(Pc): TCI Co., Ltd., NaBH4 and Me2S: nakalai tesque Co., Ltd., O2: Uno Sanso Co., Ltd.]. Ethanol 
was distilled from calcium hydride. IR spectra were recorded on Horiba IR-710 FT/IR spectrometer. 
1H and 13C NMR spectra were recorded on JEOL JNM ECA600 (600 MHz and 150 MHz, respectively) 
and JEOL JNM ECS 400 (400 MHz and 100 MHz, respectively) spectrometers. Chemical shifts (δ) 
are quoted relative to tetramethylsilane (1H NMR) and the signals of chloroform (13C NMR). Silica 
gel column chromatography was carried out on silica gel 60N (Kanto Kagaku Co., Ltd., spherical, 
neutral, 63−210 μm) Mass spectra were recorded on JEOL JMS-T100TD (direct analysis in real time, 
DART or electrospray ionization, ESI) or JEOL JMS-700 spectrometers (fast atom bombardment, 
FAB).    
 
Details of the procedure for synthesis of 1,4-diols from alkenes:  
Alkene (0.8 mmol) was placed in a 30 mL round-bottom flask, and an atmosphere was replaced by a 
pure oxygen gas. After ethanol (8 mL) was added using a syringe, powder of iron phthalocyanine (45.5 
mg, 0.08 mmol) was rapidly added to the solution. Next, dimethyl sulfide (12 μL, 0.16 mmol) was 
added to the blue suspension using a microsyringe. Finally, powder of sodium borohydride (45.4 mg, 
1.2 mmol) was rapidly added, and the resultant mixture was stirred by a magnetic stirrer for 2−7 h at 
room temperature. Gentle exothermic was observed after approximately 5 min from addition of 
sodium borohydride in most cases. The color of the suspension was subtly changed into green while 
the reaction proceeded. The reaction was checked by TLC (stain: PMA), and spots of 1,4-diols were 
typically detected in Rf = 0.1−0.2 (n-hexane/EtOAc, 1:1−1:2). After completion of the reaction, the 
mixture was filtered through a filter paper to remove most of iron phthalocyanine. The filtrate 
(blue~green solution) was evapolated to give a green residue. The residue was directly purified by 
silica gel chromatography (typically, column: φ 2.0−2.5 cm, silica gel: ca. 10−15g, n-hexane/EtOAc) 
to give the 1,4-diol product. When the residue was put on a silica gel pad to conduct chromatography, 
generation of hydrogen gas from the residual hydride reagent was observed for a few minutes. 
Although it was possible to continue chromatography carefully, the use of the following method is 
recommended from a viewpoint of safety: A small amounts of silica gel was added to the reaction 
mixture before evapolation, and the suspension was stirred for 10 min. The suspension was, (1) filtered 
through cotton or a filter paper followed by evapolation, or (2) directly evapolated carefully. In the 
case of (1), the residue was normally purified by silica gel chromatography. In the case of (2), the 









1,5-d2-2-methyl-heptane-2,5-diol (2a’). 1H NMR (600 MHz, CDCl3) δ 7.68 (4H, app. d, J = 7.8 Hz), 
7.45−7.36 (6H, m), 3.95−3.90 (ca. 0.7H, m, 5-position), 3.90−3.83 (2H, m), 1.81−1.75 (1H, m), 
1.71−1.53 (6H, m), 1.24−1.22 (5H, m, CH3 and CH2D), 1.05 (9H, s), a peak of a proton of a hydroxyl 
group is ambiguous; 13C NMR (150 MHz, CDCl3) δ 135.55, 135.53, 132.9, 132.8, 129.9, 127.8, 72.5, 
70.3, 63.7, 63.6, 39.81, 39.77, 38.3, 38.2, 32.1, 32.0, 29.5, 29.3, 29.0 (t, JC−D = 18.8 Hz), 26.8, 19.0; 
DARTMS ([M+H]+, rel intensity, %) 401 (5.8), 402 (100), 403 (75), 404 (25). [2l: DART MS ([M+H]+, 





7-tert-Butyldiphenylsilyloxy-2-methyl-1-heptene (1a). 1H NMR (600 MHz, CDCl3) δ 7.66 (4H, dd, 
J = 7.6, 2.0 Hz), 7.44−7.35 (6H, m), 4.68 (1H, s), 4.65 (1H, s), 3.66 (2H, t, J = 6.4 Hz), 1.99 (2H, t, J 
= 6.8 Hz), 1.70 (3H, s), 1.61−1.54 (2H, m), 1.43−1.30 (4H, s), 1.05 (9H, s); 13C NMR (150 MHz, 
CDCl3) δ 146.1, 135.6, 134.1, 129.5, 127.6, 109.6, 63.9, 37.8, 32.4, 27.3, 26.9, 25.5, 22.4, 19.2; IR 





Addition of TEMPO: 
 
 
2,4-Dimethylpentane-1,4-diol (2b). Elute: n-hexane/EtOAc, 1:1. 50.2 mg (48% yield). Colorless oil.  
1H NMR (400 MHz, CDCl3) δ 4.00 (2H, br), 3.58 (1H, dd, J = 10.6, 3.7 Hz), 3.31 (1H, dd, J = 10.6, 
8.7 Hz), 2.03−2.01 (1H, m), 1.56 (1H, dd, J = 14.7, 8.7 Hz), 1.49 (1H, dd, J = 14.7, 3.7 Hz), 1.27 (6H, 
s), 0.88 (3H, d, J = 6.9 Hz); 13C NMR (100 MHz, CDCl3) δ 70.6, 69.1, 49.9, 32.1, 32.0, 27.9, 19.5; IR 




1-[(2,4-Dimethylpentan-2-yl)oxy]-2,2,6,6-tetramethylpiperidine (3). Elute: n-hexane/EtOAc, 10:1. 
20.9 mg (11% yield). Colorless oil. 1H NMR (400 MHz, CDCl3) δ 1.93−1.83 (1H, m), 1.54−1.43 (8H, 
m), 1.27 (6H, s), 1.12 (6H, s), 1.08 (6H, s), 0.97 (6H, d, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3) δ 
79.3, 59.0, 52.0, 40.8, 34.8, 27.7, 24.8, 24.6, 20.6, 17.1; IR (CHCl3)  2974, 2954, 2933, 2870, 1468, 
1375, 1362 cm-1; DART HRMS calcd for C16H34NO [M+H] + 256.2640, found: 256.2646. 
 
The reaction of a radical clock: 
 
 
7-Methyl-1-phenyloct-3-ene-1,7-diol (4). Elute: n-hexane/EtOAc, 10:3. 8.2 mg (5% yield as a 
mixture of geometric isomers, E:Z = ca. 80:20). Colorless oil. 1H NMR (600 MHz, CDCl3 for a 
mixture of two isomers) major isomer: δ 7.54−7.34 (4H, m), 7.29−7.26 (1H, m), 5.62 (1H, dt, J = 15.6, 
6.6 Hz), 5.45 (1H, dt, J = 15.5, 7.2 Hz), 4.69 (1H, dd, J = 7.8, 4.2 Hz), 2.50−2.44 (1H, m), 2.43−2.38 
(1H, m), 2.18 (1H, br), 2.14 (2H, dd, J = 15.6, 7.2 Hz), 1.55 (2H, t, J = 7.8 Hz), 1.22 (6H, s), a peak 
of a proton of a hydroxyl group is ambiguous; minor isomer (partial peaks): δ 5.59−5.55 (1H, m), 
5.43−5.38 (1H, m), 4.73 (1H, dd, J = 7.4, 5.7 Hz), 2.62−2.57 (1H, m), 1.21 (3H, s), 1.20 (3H, s); 13C 
NMR (150 MHz, CDCl3 for a mixture of two isomers) δ 144.1 (minor), 144.0 (major), 135.0, 133.5, 
128.4, 128.3, 127.5, 127.4, 125.83, 125.76, 125.70, 124.8 (135.0−124.8, major and minor), 73.9 
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(minor), 73.4 (major), 71.0 (major), 70.9 (minor), 43.2 (minor), 43.0 (major), 42.7 (major), 37.3 
(minor), 29.4 (major), 29.3 (minor), 29.22 (major), 29.17 (minor), 27.8 (major), 22.4 (minor); IR 
(CHCl3)  3602, 3442 (br), 3012, 2972, 2931, 1720, 1454, 1373 cm-1; DART HRMS calcd for 
C15H26NO2 [M+NH4]+ 252.1964, found: 252.1954. 
 
 
2-Methyl-5-(trans-2-phenylcyclopropyl)-2-pentene (1c). Prepared by oxidation the known alcohol 
1 followed by Wittig reaction. 1H NMR (600 MHz, CDCl3) δ 7.25−7.22 (2H, m), 7.12 (1H, app. t, J = 
7.2 Hz), 7.03 (2H, app. d, J = 6.8 Hz), 5.18−5.13 (1H, m), 2.11 (2H, q, J = 7.2 Hz), 1.68 (3H, s), 
1.64−1.59 (1H, m), 1.57 (3H, s), 1.40 (2H, app. q, J = 6.8 Hz), 1.08−1.00 (1H, m), 0.90−0.85 (1H, m), 
0.79−0.74 (1H, m); 13C NMR (100 MHz, CDCl3) δ 144.04, 131.6, 128.2, 125.5, 125.1, 124.3, 34.7, 
27.9, 25.7, 23.7, 23.3, 17.6, 16.2; IR (CHCl3) 3010, 2968, 2916, 2852, 2362, 1604, 1496, 1452 cm-











General methods:  
All glassware was oven dried. All reagents purchased commercially were used without further 
purification. All solvents were used after dried by distillation from appropriate dehydrating reagents 
such as calcium hydride, sodium/benzophenone, or molecular sieves. Deuterated chloroform was 
passed through an alumina column before the use. 1H and 13C NMR spectra were recorded on JEOL 
JNM ECA600 (600 MHz and 150 MHz, respectively) spectrometer. Chemical shifts (δ) are quoted 
relative to tetramethylsilane (1H NMR) and the residual signals of chloroform (13C NMR). Silica gel 
column chromatography was carried out on silica gel 60N (Kanto Kagaku Co., Ltd., spherical, neutral, 
63-210 µm). Mass spectra were recorded on JEOL JMS-700 spectrometers (fast atom bombardment, 
FAB). 
 
Starting materials:  
Compounds 1a−e, 1h and 1k were commercially available. Compounds 1f1, 1g2, 1i3 and 1j4 were 
prepared according to literatures. 
 
General procedure for multifunctionalization reactions using tert-butyl nitrite, water and oxygen:  
To a stirred solution of alkene (1.00 mmol) in pentane (5.0 mL) and were added water (540 mg, 30.0 
mmol) and tert-butyl nitrite (310 mg, 3.00 mmol), and the mixture was stirred at room temperature 
under O2 atmosphere (1 atm, balloon). The mixture was diluted with water and extracted with Et2O. 
The organic layer was washed with brine and dried with MgSO4. After the solvent was removed under 
reduced pressure, the residue was purified by silica gel chromatography (hexane/EtOAc) to give the 




2,4,4-trimethyl-1-nitropent-2-yl nitrate (3a).5 
Elute: hexane/EtOAc, 5:1 (first fraction). 28-54% yield. colorless oil. 1H NMR (600 MHz, CDCl3) δ 
5.00 (d, J = 12.0 Hz, 1H), 4.78 (d, J = 12.0 Hz, 1H), 2.13 (d, J = 15.0 Hz, 1H), 1.74 (d, J = 15.0 Hz, 





4-Hydroxy-2,2,4-trimethyl-5-nitropentyl nitrate (4a). 
Elute: hexane/EtOAc, 5:1 (second fraction). 13-37% yield. colorless oil. 1H NMR (600 MHz, CDCl3) 
δ 4.51 (d, J = 12.0 Hz, 1H), 4.43 (d, J = 10.2 Hz, 1H), 4.39 (d, J = 10.2 Hz, 1H), 4.38 (d, J = 12.0 Hz, 
1H), 3.11 (s, 1H), 1.63 (s, 2H), 1.41 (s, 3H), 1.16 (s, 3H) 1.14 (s, 3H); 13C NMR (150 MHz, CDCl3) 





4-Hydroxy-2,4-dimethyl-5-nitropentyl nitrate (4b). 
12 h. Elute: hexane/EtOAc, 6:1 → 3:1. 86.6 mg, 40% yield (as an inseparable mixture of two 
diastereomers, ca. 90:10 dr). colorless oil. 1H NMR (600 MHz, CDCl3, for major isomer) δ 4.50 (d, J 
= 12.0 Hz, 1H), 4.43 (d, J = 12.0 Hz, 1H), 4.45−4.40 (m, 1H), 4.29 (dd, J = 10.8, 6.6 Hz, 1H), 2.99 (s, 
1H), 2.27−2.16 (m, 1H), 1.75−1.66 (m, 1H), 1.50−1.43 (m, 1H), 1.37 (s, 3H), 1.12 (d, J = 6.9 Hz, 3H); 
1 H NMR (600 MHz, CDCl3, for partial peaks of minor isomer) δ 4.58 (dd, J = 10.8, 5.4 Hz, 1H), 3.04 
(s, 1H), 1.35 (s, 3H), 1.10 (d, J = 6.9 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 84.8 (minor), 84.4, 
77.7, 77.5 (minor), 71.6, 71.5 (minor), 42.2, 42.1 (minor), 27.4, 27.3 (minor), 24.9, 24.1 (minor), 19.0 
(minor), 18.6; HRFABMS calcd for C7H15N2O6 [M+H]





4-Hydroxy-2,2,4-trimethyl-3-nitropentyl nitrate (4c). 
12 h. Elute: hexane/EtOAc, 5:1.  66.2 mg, 29% yield. colorless oil. 1H NMR (600 MHz, CDCl3) δ 
4.73 (d, J = 10.8 Hz, 1H), 4.51 (s, 1H), 4.47 (d, J = 10.8 Hz, 1H), 2.70 (s, 1H), 1.47 (s, 3H), 1.39 (s, 
3H), 1.292−1.288 (m, 6H); 13C NMR (150 MHz, CDCl3) δ 100.0, 77.4, 72.6, 38.5, 30.1, 28.6, 24.9, 
23.4; HRFABMS calcd for C8H17N2O6 [M+H]
+ 237.1087, found: 237.1088. 
 
 
4-Hydroxy-2,4-dimethyl-3-nitropentyl nitrate (4d). 
12 h. Elute: hexane/EtOAc, 6:1 → 4:1. 82.1 mg, 38% yield (>95:5 dr. Although a trace amount of a 
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minor isomer was detected by 1H NMR analysis of a crude product, it could not be isolated due to 
the small amount). colorless oil. 1H NMR (600 MHz, CDCl3) δ 4.51−4.49 (m, 3H), 2.77−2.71 (m, 
1H), 2.70 (s, 1H), 1.41 (s, 3H), 1.34 (s, 3H), 1.15 (d, J = 6.9 Hz, 3H); 13C NMR (150 MHz, CDCl3) 
δ 94.5, 74.0, 71.5, 31.6, 27.00, 26.98, 13.5; HRFABMS calcd for C7H15N2O6 [M+H]+ 223.0930, 




4-Hydroxy-2,2-dimethyl-5-nitro-pentyl nitrate (4e). 
12 h. Elute: hexane/EtOAc, 5:1 → 3:1. 35.2 mg, 16% yield. colorless oil. 1H NMR (600 MHz, CDCl3) 
δ 4.48−5.51 (m, 1H), 4.39−4.38 (m, 3H), 4.30 (d, J = 10.2 Hz, 1H), 2.74 (br, 1H), 1.66 (dd, J = 14.8, 
10.3 Hz, 1H), 1.35 (dd, J = 14.8, 2.1 Hz, 1H), 1.12 (s, 3H) , 1.10 (s, 3H); 13C NMR (150 MHz, 





[(1R*,3S*)-3-Hydroxy-1,5,5-trimethyl-3-nitromethylcyclohexyl]methyl nitrate (4f). 
12 h. Elute: hexane/EtOAc, 10:1 → 5:1. 76.2 mg, 28% yield (as a single isomer). colorless oil. 1H 
NMR (600 MHz, CDCl3) δ 4.77 (d, J = 9.6 Hz, 1H), 4.71 (d, J = 9.6 Hz, 1H), 4.37 (d, J = 12.0 Hz, 
1H), 4.33 (d, J = 12.0 Hz, 1H), 3.07 (s, 1H), 1.87 (dt, J = 14.6, 2.1 Hz, 1H), 1.76 (dt, J = 10.7, 2.1 Hz, 
1H), 1.64 (dt, J = 9.3, 2.4 Hz, 1H), 1.24 (d, J = 13.8 Hz, 1H), 1.21 (s, 3H), 1.10 (t, J = 13.1 Hz, 2H), 
1.03 (s, 3H), 0.97 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 86.3, 78.3, 72.6, 46.8, 45.2, 41.5, 35.9, 
34.3, 30.6, 29.9, 28.2; HRFABMS calcd for C11H21N2O6 [M+H]




[3,5-Dimethyl-5-(nitromethyl)-2-oxotetrahydrofuran-3-yl]methyl nitrate (4g). 
12 h. Elute: hexane/EtOAc, 8:1 → 1:1. 75.0 mg, 31% yield (as an inseparable mixture of two 
diastereomers, ca. 50:50 dr). colorless oil. 1H NMR (600 MHz, CDCl3, for a mixture of two isomers) 
δ 4.70−4.56 (m, 3H), 4.44 (d, J = 10.0 Hz, 1H), 4.38 (d, J = 10.0 Hz, 1H), 2.76 (d, J = 14.4 Hz, 1H), 
2.53 (d, J = 14.4 Hz, 1H), 2.36 (d, J = 14.4 Hz, 1H), 2.13 (d, J = 14.1 Hz, 1H), 1.65 (d, J = 6.9 Hz, 
3H), 1.48 (s, 3H), 1.45 (s, 3H); 13C NMR (150 MHz, CDCl3, for a mixture of two isomers) δ 176.4, 
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176.2, 81.61, 81.53, 79.3, 79.2, 75.8, 75.4, 44.1, 43.8, 40.8, 39.9, 26.6, 26.4, 23.2, 22.3; HRFABMS 
calcd for C8H13N2O7 [M+H]
+ 249.0723, found: 249.0723. 
 
 
5-Hydroxy-5-methyl-6-nitrohex-2-yl nitrate (4h). 
12 h. Elute: hexane/EtOAc, 6:1 → 2:1. 62.9 mg, 31% yield (as an inseparable mixture of two 
diastereomers, ca. 50:50 dr). colorless oil. 1H NMR (600 MHz, CDCl3, for a mixture of two isomers) 
δ 5.12−5.07 (m, 1H+1H), 4.47−4.41 (m, 2H+2H), 2.97 (s, 1H+1H), 1.86−1.58 (m, 4H+4H), 1.40−1.38 
(m, 3H+3H), 1.328, (s, 3H), 1.320 (s, 3H); 13C NMR (150 MHz, CDCl3, for a mixture of two isomers) 
δ 84.2, 84.0, 80.9, 80.7, 71.1, 34.7, 34.6, 27.91, 27.85, 24.4, 24.1, 18.5, 18.3; HRFABMS calcd for 
C7H15N2O6 [M+H]




5-Hydroxy-5-nitromethylnon-2-yl nitrate (4i). 
12 h. Elute: hexane/EtOAc, 5:1 → 4:1. 86.8 mg, 33% yield (as an inseparable mixture of two 
diastereomers, ca. 50:50 dr). colorless oil. 1H NMR (600 MHz, CDCl3, for a mixture of two isomers) 
δ 5.09−5.06 (m, 1H+1H), 4.49−4.42 (m, 2H+2H), 2.884 (s, 1H), 2.876 (s, 1H), 1.79−1.53 (m, 6H+6H), 
1.39−1.28 (m, 7H+7H), 0.94−0.91 (m, 3H+3H); 13C NMR (150 MHz, CDCl3, for a mixture of two 
isomers) δ 82.5, 82.4, 80.9, 80.8, 73.2, 36.8, 36.5, 32.06, 32.02, 27.7, 27.6, 25.6, 25.5, 22.8, 18.5, 18.3, 
13.8; HRFABMS calcd for C10H21N2O6 [M+H]
+ 265.1400, found: 265.1404. 
 
 
2-Hydroxy-2-methyl-3-nitrodecan-5-yl nitrate (4j). 
12 h. Elute: hexane/EtOAc, 8:1 → 6:1. 101.8 mg, 37% yield (as a separable mixture of two 
diastereomers, ca. 50:50 dr). First elute (23): 49.2 mg, 18%. colorless oil. 1H NMR (600 MHz, CDCl3) 
δ 4.90−4.87 (m, 1H), 4.62−4.59 (m, 1H), 2.59 (ddd, J = 15.8, 11.7, 2.7 Hz, 1H), 2.36 (s, 1H), 2.12 
(ddd, J = 16.2, 10.7, 2.7 Hz, 1H), 1.76−1.73 (m, 1H), 1.66−1.63 (m, 1H), 1.37−1.26 (m, 12H), 0.89 (t, 
J = 7.2 Hz, 3H) 13C NMR (150 MHz, CDCl3) δ 92.3, 80.5, 71.1, 33.1, 31.38, 31.32, 27.2, 26.0, 24.2, 
22.3, 13.9; HRFABMS calcd for C11H23N2O6 [M+H]
+ 279.1556, found: 279.1554. Second elute (4j’): 
52.6 mg, 19%. colorless oil. A small amount of inseparable impurities is detected by 1H and 13C NMRs, 
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but influence on the yield is small because diasteromer ratio calculated from isolated yields is 
consistent with that estimated by 1H NMR analysis of a crude product. 1H NMR (600 MHz, CDCl3) δ 
5.07 (tt, J = 6.0, 6.0 Hz, 1H), 4.50 (dd, J = 10.2, 1.8 Hz, 1H), 2.57 (ddd, J = 16.2, 9.6, 6.0 Hz, 1H), 
2.35 (s, 1H), 2.28 (ddd, J = 16.2, 6.0, 2.4 Hz, 1H), 1.70−1.64 (m, 2H), 1.40−1.26 (m, 6H), 1.32 (s, 
3H), 1.30 (s, 3H), 0.89 (t, J = 6.6 Hz, 3H) 13C NMR (150 MHz, CDCl3) δ 92.6, 81.6, 71.3, 31.9, 31.5, 
31.3, 26.6, 26.0, 24.5, 22.3, 13.8; HRFABMS calcd for C11H23N2O6 [M+H]
+ 279.1556, found: 
279.1550. 
 
Transformation of 4a into-5-amino-1,4-diol derivatives 6a: 
 
 
To a solution of 4a (59.0 mg, 0.250 mmol) in EtOH (10.0 mL) was added Pd/C (10%, 20.0 mg) at  
room temperature and vigorously stirred for 12 h under a hydrogen atmosphere (1 atm, balloon). The 
reaction mixture was filtered through Celite™ and concentrated under reduced pressure. The residue 
was dissolved in CH2Cl2 (2.5 mL) and added Boc2O (57.2 mg, 0.263 mmol), and the mixture was 
stirred for 20 h at room temperature. The mixture was diluted with water and extracted with CH2Cl2. 
The organic layer was dried with MgSO4. After the solvent was removed under reduced pressure, the 
residue was purified by silica gel chromatography (hexane/EtOAc, 2:1) to give the 6a (52.3 mg, 81%) 
as a colorless oil.  
 
tert-Butyl 2,5-dihydroxy-2,4,4-trimethylpentyl carbamate (6a). 1H NMR (600 MHz, CDCl3) δ 5.11 
(br-s, 1H), 4.65 (br, 1H), 4.32 (br, 1H), 3.48 (d, J = 11.0 Hz, 1H), 3.38 (d, J = 11.0 Hz, 1H), 3.19 (dd, 
J = 14.1, 5.8 Hz, 1H), 3.05 (dd, J = 13.0, 6.9 Hz, 1H), 1.62 (d, J = 15.1 Hz, 1H), 1.45 (s, 9H), 1.38 (d, 
J = 15.1 Hz, 1H), 1.26 (s, 3H), 1.04 (s, 3H), 0.94 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 157.5, 79.8, 
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